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Chapter 1
Introduction
Ignition of ground material due to incandescent droplets produced by the electrical system 
is an area o f considerable uncertainty. These droplets are typically produced by such 
incidents as the operation o f expulsion dropout fuses and overhead conductor clashing. This 
research is concerned with the latter, specifically when aluminium is the conductor.
1.1 Aluminium Conductor Clashing
In spite o f the uncertainty with regard to fire ignition as a consequence o f clashing con­
ductors, this mechanism is considered to be one o f the major causes o f bushfires that can 
be attributed to the Victorian electrical system. Although it is recognised that conductor 
clashing is the probable cause o f many bushfires, the cause o f particular bushfires is often 
ambiguous. Court cases in the aftermath o f bushfires have often seen the plaintiffs and 
supply authorities in disputation over their cause. Since solid evidence is rarely available 
to determine whether or not conductor clashing was the cause o f the fire, cases have usually 
been decided in favour o f the plaintiffs. This has provided a further impetus to increase 
understanding o f the physical consequences of conductor clashing.
Conductor clashing can be caused by strong gusty winds or as a result o f electromagnetic 
forces arising from fault currents bringing the conductors together. When this happens, a 
short circuit is initiated between the pair o f conductors involved in the clash. As the con­
ductors move apart again, an arc is established. This arc proceeds to ablate material from 
the pair o f conductors, which is ejected as a number o f high-temperature droplets (i.e., 
sparks). These droplets then fall to the ground below the conductor, or alternatively may 
be carried by the wind that initiated the clash some distance from the conductors and, 
having reached the ground, may be the source of a bushfire.
Generally, system protection will not respond to conductor clashing faults, simply because 
the resultant arc is extinguished quickly as the conductors separate after the initial clash. 
This is particularly the case with the low voltage (240/415 V) system, where there is 
insufficient voltage to sustain the arc. Additionally, the current-limiting effect o f the high
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arc voltages further reduces the chance of the protection detecting the fault. Because of 
clashing could occur over extended periods, producing a large number of high* 
temperature molten droplets.
Determining a worst case conductor clashing scenario for the maximum number of droplets 
ejected, the size distribution of these droplets, the maximum distance any one droplet could 
travel from the clash site until hitting the ground, and whether or not this droplet could 
ignite ground material is extremely difficult. This is due in part to the fact that environ­
mental and system conditions at the time of such an event are rarely known precisely, and 
also because an accurate model of the physical processes involved in conductor clashing is 
not available.
As mentioned above, the objective of this research is to further the understanding of fire 
ignition due to clashing aluminium conductors. This work is subdivided in the following 
manner:
• In this introduction, previous work on the subject is considered. Also bushfire data 
compiled by the State Electricity Commission of Victoria (SECV) is discussed,
• In Chapter 2, the production of sparks from aluminium is considered. This work was 
carried out in order to obtain information pertaining to the typical size, shape and 
mass of droplets ejected from conductor clashes.
• In Chapter 3, the temperature history of incandescent aluminium droplets is studied. 
This was done so as to get an idea as to how long aluminium droplets can burn once 
ignited, and also to establish typical temperatures reached.
• An investigation into the ignition potential of incandescent aluminium droplets is 
undertaken in Chapter 4. This looks at the ability of aluminium droplets of various 
sizes to ignite several types of common bushland fuels, such as, pine needles, barley 
grass and hardwood fitters.
• In Chapter 5, theoretical velocity profiles are considered with the aim of establishing 
how far a droplet could be expected to travel and ignite ground fitter, from a statistical 
point of view.
• Finally, in Chapter 6 a summary and discussion of the results obtained is presented. 
Other studies, carried out as part of the overall program, include:
• Conductor clashing in the laboratory.
• Post-clash conductor characterisation.
There are two recent pieces of work concerned solely with the issue of aluminium conductor 
clashing. The first was carried out by Mills [1] and proposed a model of aluminium droplet 
combustion. The second was largely experimental, and was conducted by the SECV [2]. 
The results of both of these, along with some additional relevant work, are discussed in the 
sections that follow.
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1.2 Droplet temperatures
Mills’ model of aluminium droplet combustion was used to calculate combustion rates, 
lifetimes, and trajectories of aluminium droplets. Modelling uncertainties prevented 
conclusive results. However, it was established that it is possible for an aluminium droplet 
of some 1.5 mm initial diameter to reach the ground prior to burning up. Mills noted that 
the majority of droplets falling to the ground do not ignite, but rather cool as they fall to 
the ground. However, the droplets that do bum, do so at high temperatures. The initial 
temperature of these burning droplets after clashing was noted as lying somewhere between 
the melting point of aluminium (660*0 and the ignition temperature of aluminium (about 
2070°C), which corresponds to the melting point of aluminium oxide.
SECV also carried out calculations to determine droplet temperature histories and tra­
jectories. These calculations assumed an initial droplet temperature of 660*C, and con­
cluded that maximum droplet temperatures of the order of 1500*C were reached in the 
oxidisation process before the droplet proceeded to cool prior to impacting with the ground.
In addition to these calculations, SECV carried out laboratory tests to measure the tem­
perature o f droplets. These tests involved sighting a disappearing filament optical 
pyrometer on the droplets immediately below the point of conductor contact during clashing. 
The temperature was observed to be 1570±56*C, after correcting for the emissivity of alu­
minium. This observed temperature is some 500*C lower than that noted by Mills, and is 
something that needs to be clarified.
Investigation into the oxidation of aluminium has only been reported at temperatures less 
than, or in the vicinity of, the boiling point of aluminium. Kubaschewski [3] provides many 
references to these studies. However, due to the widely varying oxidation-time relationships 
below the boiling point, no assumptions can be made regarding the nature of the process 
at the elevated temperatures involved in the combustion of aluminium.
Investigation of the ignition and combustion process of aluminium has been carried out for 
very small droplets (tens of microns in diameter), primarily for use in solid fuel cells in the 
Aerospace Industry. Reports by Macek [4] and Wilson [5] indicate that, although the droplet 
burning rate remained constant throughout the life of a given droplet, spherical combustion 
models are only approximately correct, because there is always a geometrical asymmetry 
present during the burning stage.
1.3 Ignition Potential
Work carried out by Stokes [6] investigated the ignition of various bushland fuels, including 
barley grass and hardwood fitter, due to electrically produced incandescent droplets. Stokes 
concluded that steel and aluminium droplets presented a severe hazard, copper droplets 
much less of a hazard and brass droplets a minimal hazard.
3
Further work by Stokes [7] looked specifically at fire ignition due to copper droplets of 
controlled size, once again in a range of fuels. Ignition thresholds were established for 
ignition probabilities of both 0 % and 100 % for the range of fuels. Minimum threshold 
ignition energy was established to be of the order 3 and 4 joules, for barley grass and cotton 
lint respectively. Since aluminium was previously noted to present a severe hazard, it can 
be assumed that its ignition thresholds will be appreciably lower.
Laboratory tests were conducted by the SECV to determine the droplet temperature for 
which different size droplets would ignite dry grass. Droplets were not produced electrically, 
but rather heated to temperature in a furnace before being tipped on to the fuel bed. Ignition 
thresholds for no ignition and definite ignition were established up to a temperature of 
1400#C. At 1400’C it was established that a droplet of 2 mm in diameter would definitely 
ignite a dry grass fuel bed, while a droplet of 1 mm would not, with sizes in between possibly 
causing ignition, while at lower temperatures, droplets had to be considerably larger for 
definite ignition to result.
yfe- f t
1.4 Spark Production
Laboratory measurements were made by the SECV to find the size and properties of alu­
minium droplets produced by conductor clashes. Size analysis indicated that only up to 
1% of recovered droplets were greater than 1.75 mm in size. Additionally, it was noted that 
the oxide content of these droplets varied between 20 and 60%. Measurements were also 
taken of droplet ejection velocities, and indicated that droplet velocities of the order of 
16 m/s could be reached.
Blackburn [8] investigated characteristics of clashing overhead fines with particular 
emphasis on arc duration. Arc properties were measured for a range of currents at both 
240 V and 6.6 kV for both aluminium and copper conductors. It was concluded that alu­
minium droplets presented a much greater fire hazard than copper, and that normal fuse 
protection would be unlikely to operate in the event of a conductor clashing fault.
The behaviour of fines under short circuit conditions was reported by Elkateb [9]. More 
general work relating to conductor clashing was undertaken by May [10], and reported a 
new modelling method for snow-covered clashing conductors exposed to a gusty wind. 
Although not directly relevant to the bushfire problem considered here, it did discuss the 
process o f conductor clashing.
A summary of the phenomena associated with electric arcs burning unconstrained in open 
air was presented by Stokes [11]. The results provide information useful for predicting the 
effects of various arcing short circuits.
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1.5 Existing Bushfire Data
The SECV has compiled, over the course of nearly ten years, a database listing bushfires 
reported to have been caused by the SECV electrical system in Victoria [12]. In order to 
develop an appreciation of the extent of the conductor clashing problem, a brief analysis of 
this database was carried out.
To facilitate easy analysis, software was written in dBase IV. It allowed a query for any 
set of conditions, involving the primary and secondary causes of fire ignition, temperature, 
air moisture and wind strength, to be carried out. Once completed, an analysis was con­
ducted to characterise the exact nature of conductor clashing fires in comparison to all 
reported fires on the Victorian electrical system.
Figure 1.1 shows a breakdown of the primary causes of fire ignition. Half of all fires related 
to a conductor striking some other object, be it the ground, a tree, or another conductor 
during clashing. It can be seen that conductor clashing is clearly a problem - being involved 
in almost 25% of all fires.
Conductor striking ground 
Conductor striking object 
Conductor struck by object
Fuse operation - ED O  
Surge diverter
Bird/animal
Conductor dashing
Other
Crossarm fire
Pole fire
O f w  includes such things as earthing faults, 
circuit to circuit contact, powder filled fuse 
failure and cases where the cause wasn't found
Figure 1.1 Breakdown of fire causes
Fields indicating the voltage at which clashing occurred and the conductor involved were 
not contained in the database, despite that fact that the Bushfire Report (see Appendix A) 
filled out in the event of a fire makes provision for this information. However, inspection 
of the comments field, indicated that, in most instances, clashing had occurred on the 
low-voltage system and that in almost every instance the conductor was aluminium.
This observation indicates that inherent characteristics of the high-voltage system (such 
as, conductor spacing, conductor height above ground, more effective protection, and gen­
erally better construction standards) limit the number of resulting bushfires, even though 
it is recognised that clashing does occur in the high-voltage system. Additionally, it indicates 
that other conductor materials do indeed pose less of a fire hazard than aluminium.
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With steel, which has been shown to be as hazardous as aluminium [6], this may be 
explained by the greater conductor tensioning during line erection, and the fact that it is 
only used in the HV system in Victoria. Additionally, much o f it is used for SWER and 
wide-spaced single-phase applications.
An inspection o f the breakdown o f secondary causes associated with conductor clashing in 
figure 1.2, shows that, a great deal o f the time, wind plays a part in conductor clashing 
fires. It would seem a reasonable assumption that the wind does not in any way assist with 
the actual fire ignition, but rather initiates the conductor clashing. Another major con­
tribution, not highlighted in figure 1.2, is the interference with normal conductor motion 
by trees growing near the conductors. Other factors do contribute, but, individually, they 
are not significant. Obviously, wind is also a factor in determining how far any droplets 
arising from the clash are carried prior to reaching the ground.
Figure 1.2 Breakdown o f secondary causes for conductor clashing fires
A similar breakdown o f secondary causes for some o f the other primary causes shows wind 
not to be as significant as it obviously is with conductor clashing.
An examination of statistics relating to the time o f day that fires occur in figure 1.3, shows 
that the peak occurs at 3 pm for both fires initiated by conductor clashing and for all other 
causes o f  fire.
The summer months o f January and February are the time o f year when most fires occur, 
as shown in figure 1.4. For Northern Victoria [13], this is the time o f the year when the 
mean daily maximum temperature is the highest (figure 1.5), and the mean daily relative 
humidity is the lowest (figure 1.6). Kyabram, the location used for this information is 
typical o f  Northern Victoria’s climate. It can also be seen that humidity is lower at 3 pm 
than at 9 am. Previously 3 pm was identified as the peak time for fire ignition.
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Percentage of Fires
Hour of Day
Figure 1.3 Fires occurring per hour o f the day
JU  Aug S«p Oct Nov Oac Jan Fab Star Apr May Jun
Month
Figure 1.4 Fires occurring per month o f the year
Wind statistics! 14],[15] indicate that the average wind velocity for each month of the year 
is relatively constant for a given location (about 10-15 km/h), increasing slightly from 
morning to afternoon. Additionally, wind direction does depend on the time of day and 
year. Data is not readily available concerning the mean number of times in a given month 
that wind velocity exceeds a certain level. Thus, correlation of the frequency of very windy 
days and time of year cannot be carried out.
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Max Temperature (deg C)
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0
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Figure 1.5 Mean daily maximum temperature typical o f Northern Victoria, after Bureau
of Meteorology [13]
Jul Aug S«p Oct Nov D«c Jan Fob Mar Apr May Jun
Month
Figure 1.6 Mean daily relative humidity typical o f Northern Victoria, after Bureau of
Meteorology [13]
Correlation of the known environmental conditions with a breakdown of conditions 
observed for all fires, as in figure 1.7, shows that, while there is pretty much an equal 
division of fires for varying temperature and wind strength, the majority of fires occur 
when the air is dry (ie low humidity) and not cool.
However, when the breakdown of conditions observed for conductor clashing fires 
(figure 1.8) is considered, the favoured conditions are those of high temperature, strong 
winds, and dry air. The strong winds tie in with previous observations that wind is a major 
factor in incidents of conductor clashing. The conditions of high temperature and low 
humidity are important when considering ignition however, since they provide the ideal 
condition for droplets ejected from the clashing conductor to ignite dry bushland grasses.
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Temperature
Figure 1.7 Breakdown of environmental conditions for all fires
Figure 1.8 Breakdown of environmental conditions for conductor clashing fires
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Chapter 2
Producing Sparks from Aluminium
2.1 introduction
In order to develop an appreciation of the characteristics of electrically produced sparks, 
some initial work was undertaken in the laboratory. This work involved simulating elec­
trical faults that were thought to be similar to those occurring in real instances of conductor 
clashing, by producing short circuits between aluminium electrodes. The primary interest 
in this initial work was droplet size, shape and mass, in relation to the amount of energy 
in the simulated fault. Additionally, note was taken of such things as the behaviour of the 
arc.
Aluminium droplets produced from these simulations were examined closely using both 
optical and scanning electron microscopy. The aim of this examination was to determine 
a temperature range that typical droplets attained, by observation of any aluminium oxide 
structures that formed.
2.2 Synthetic Test Circuit
The laboratory tests were carried out utilising the synthetic-test circuit shown in figure 2.1. 
Two test piece arrangements were considered:
• The use of a pair of opposing aluminium rods,
• The use o f 7-stranded aluminium conductor of the type used in the low-voltage 
overhead system.
The aluminium rod arrangement was used because of its simplicity as far as setting up was 
concerned. It was hoped that information derived from this work would prove to be relevant 
to conductor clashing using aluminium conductor, and that parallels could be drawn. 
Aluminium conductor was used in order to mimic the real conductor clashing situation.
10
Make switch
Capacitor
bank
Variable
inductance
iti
Voltage 
measurement
Current 
measurement
r a
rL
Test piece
Current
shunt
Figure 2.1 Synthetic-test circuit arrangement
2.3 Aluminium Rod
This work was conducted using a pair o f 12mm aluminium rods placed end to end, and 
separated by a gap o f 2 mm. A piece o f tinned fuse wire (0.071mm diameter) was used to 
connect the two electrodes and thus initiate the arc.
Tests were carried out using either 8 or 16 o f the capacitors in the capacitor bank. Voltages 
in the range 1 kV to 3 kV, and an electrode separation o f 2 mm, were used. In order to get 
a complete picture o f  what was happening, tests were conducted with a circuit breaker 
interrupting the circuit after 1,2,...,6 half cycles. Additionally, a series o f tests with no 
interruption were carried out.
2.3.1 Test Arrangement
Two means o f droplet capture were explored. Initially, expelled aluminium droplets were 
captured by a water bath placed directly beneath the rods. Droplets were collected from 
each test and for those tests in which all o f the droplets expelled were captured by the water 
bath the results analysed. In order to confirm that droplets collected equalled sparks 
expelled, a video record was kept, which enabled the number o f sparks to be counted from 
frames like that shown in figure 2.2. After experimenting with several arrangements of 
rods and connecting fuse wire, an arrangement was arrived at whereby all droplets were 
caught in about 70% of tests.
Because o f the difficulty in collecting all o f the captured material from the water bath after 
each test, an alternative arrangement was devised. It involved enclosing the aluminium 
electrodes in a cardboard box with dimensions 200(W)x300(H)xl00(D), having a steel tray 
on the bottom. It was a relatively easy task to collect the material after each test and weigh 
it. Cardboard was chosen for the box because it was found that aluminium droplets often 
welded themselves to the side o f similar metallic boxes, making collection more difficult.
1 1
Figure 2.2 Typical spark emission frame 
2.3.2 Energy Calculations
The voltage and current information collected was analysed in a number of ways in order 
to determine the relationship, if any, between the amount of material expelled and the 
energy levels in any given tests. The typical voltage/current profile for short-circuit tests 
using the synthetic circuit was as shown in figure 2.3.
Firstly, the total energy, Etolal, given by equation (2.1) was calculated and plotted versus 
the mass of the expelled material (figure 2.4).
12
300 
200 
100
S
0 «3
o 
>
-100 
-200 
-300
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (s)
Figure 2.3 Typical voltage /current profile from synthetic circuit tests
E,<*ai= J V-1 dt (2.1)
0
This plot seems to indicate that it is during the first half cycle that the amount of material 
to be ejected is determined, since the groups of parallel fines are separated approximately 
by the amount of energy contained in one half cycle.
Calculating the energy contained in the first half cycle, E10ma, given by equation (2.2) and 
replotting as in figure 2.5, does indeed bring the fines closer together.
10m>
£io*u= J VJ dt (2.2)
0
Figure 2.4 indicates that the energy contained in subsequent half cycles has little impact 
upon the amount of material expelled. However, it is clear from figure 2.5 that the 
relationship is not linear. Similar results occurred when recalculating for 2,3 and 4 half 
cycles.
This fact gives rise to the idea that there is possibly some threshold current, ithres, below 
which insufficient local heating occurs and/or electromagnetic forces are generated in the 
aluminium rod to eject droplets. With this in mind, two calculations were carried out for 
a range of threshold currents, ithres, in an attempt to linearise the relationship between 
circuit energy and ejected droplet mass. The calculation ofii^ is given by equation (2.3) 
and depicted in figure 2.6 while Ez is given by equation (2.4) and depicted in figure 2.7.
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Energy, E**, [J]
o o o o o  16 capadlors, 20ms c/b interruption 
m i m  8 capacitors, 20ms c/b interruption 
U A M  8 capacitors, 30ms c/b interruption 
* * * * *  8 capacitors, 40ms c/b interruption 
♦♦♦♦♦ 8 capacitors, 50ms c/b interruption
8 capacitors, no c/b interruption 
♦♦♦♦♦ 8 capacitors, no c/b interruption 
♦♦♦♦♦ 8 capacitors, 10ms c/b interruption 
★★★★★ 16 capacitors, 10ms c/b interruption 
• « • « «  16 capacitors, no c/b interruption
Figure 2.4 Total Energy vs Ejected Droplet Mass for arc interruption at a varying
number o f half cycles
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Energy, E10ms [J]
<*•<>•• 16 capacitors, 20ms c/b interruption 
M M «  8 capacitors, 20ms c/b interruption ***** 8 capacitors, 30ms c/b interruption ***** 8 capacitors, 40ms c/b interruption ***** 8 capacitors, 50ms c/b interruption
8 capacitors, no c/b interruption ***** 8 capacitors, no c/b interruption ***** 8 capacitors, 10ms c/b interruption 
16 capacitors, 10ms c/b interruption 
•« » ♦ «  16 capacitors, no c/b interruption
Figure 2.5 First-Half-Cycle Energy vs Ejected Droplet Mass
—  r
i I I
300
15
(2.3)£ j=  J  V J d/, z > z, 
o
Figure 2.6 Calculation o fE 2
E2 = J I y  I -(11 1 J  dt, i>  itkrtt (2.4)
0
Figure 2.7 Calculation of E 2
The calculation of-E, for a range of threshold currents did not provide any better correlation 
between m ass and energy than that already obtained.
However, ca lc u la tin g ^  for a range of threshold currents indicated that for ithres = 400A the 
relationship between m ass and energy was such that a line-of-best-fit passed through the 
origin as in figure 2.8. This seems to be an intuitively reasonable result, since one can 
imagine that in any given half cycle a  certain amount of energy and hence current will be 
required to bring the aluminium up to temperature, and the rest of the available energy 
will be used to ablate material.
The burning voltage of the arc is independent of ejected droplet m ass, at approximately 
32 V for the 2 mm electrode separation used. This is shown in figure 2.9.
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o e o « «  16 capacitors, 20ms c/b interruption 
h i m  8 capacitors, 20ms c/b interruption 
* * * * *  8 capacitors, 30ms c/b interruption 
w w * *  8 capacitors, 40ms c/b interruption 
«-»♦♦♦ 8 capacitors, 50ms c/b interruption
8 capacitors, no c/b interruption 
*♦ ♦ ♦ »  8 capacitors, no c/b interruption 
* * * * *  8 capacitors, 10ms c/b interruption 
16 capacitors, 10ms c/b interruption 
16 capacitors, no c/b interruption
Figure 2.8 Energy, E2 above a threshold o f400 A  vs Ejected Droplet Mass
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Figure 2.9 Average Arc Burning Voltage vs Ejected Droplet Mass
It may be concluded that one factor in emitting particles is to have a current greater than 
a certain threshold exist in the gap. For the test conditions o f two aluminium 12mm 
diameter rod electrodes with a 2mm gap, this threshold current appears to be about 400 
amps.
Further tests, carried out as part o f the overall program, with increased gap spacing have 
shown that the linear relationship evidenced by the tests carried out with a 2 mm gap 
spacing is repeated, however the current threshold changes. For larger gap spacing the 
current threshold is greater.
2.4 Aluminium Conductor
Further tests were carried out using low-voltage aluminium conductor (7/3.0 AAC). Two 
aluminium conductors were arranged parallel and clamped at a variety o f separations. 
Once again, the arc was initiated using a piece o f fuse wire.
A number o f tests were carried out using 7/3.0 AAC in order to confirm the validity of 
previous tests carried out using aluminium rods. Both the synthetic circuit and the building 
alternating current supply were used.
2.4.1 Test Arrangement
The initial arrangement involved clamping two short lengths o f conductor together at a 
fixed separation (using wooden clamps placed 150 mm apart) as shown in figure 2.10. The 
synthetic circuit was used. Two situations were considered, one in which the voltage and
18
ground rails were connected at the same end of the conductors, and one in which the voltage 
and ground rails were connected at opposing ends, as could be the case in MEN electrical 
systems. As in earlier tests, a piece of tinned fuse wire was used to initiate the arc.
Figure 2.10 Test Arrangement for Aluminium Conductor 
2.4.2 Arc Movement
Due to the magnetic field present between the parallel conductors, the arc did not remain 
stationary. The velocity at which the arc moved could be calculated. By assuming that a 
constant electric field, E, exists along the arc over the distance between the conductors, l, 
the velocity, v, at which the arc travels between the conductors is governed by equation (2.5):
V = El (2.5)
= vBl
where V is the potential between the conductors,
B is the magnetic field around the conductors.
Because the arc site was moving, a greater mass of aluminium was able to thermally conduct 
heat away from the moving arc site, resulting in the removal of less material than had been 
predicted by previous tests with aluminium rod, where the arc had remained stationary. 
Additionally, the arc tended to track along a single strand of aluminium, rotating around 
the conductor, before changing strands and repeating the rotation.
The two different connections resulted in different current paths, as indicated in figure 2.11. 
It was found that when both the voltage and ground rails were connected to the left end of 
the conductors, the arc moved rapidly to the right, where it became rooted across the clamp 
and proceeded to ablate material, occasionally spiralling right around the conductor.
With the alternative connection, the arc was unstable and tended to move randomly in both 
directions. However as the peak current was reduced, it became more stable, tending to 
remain in the region where the arc was initiated.
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Figure 2.11 Current Paths and Arc Movement
With test arrangement as outlined in section 2.4.1, very little material tended to be removed 
by the rapidly moving arc. In order to minimise the arc movement, several alternative 
arrangements were tried.
One possibility investigated was to arrange the conductors such that each conductor was 
bent in a large radius with the convex sides facing one another, figure 2.12.
Loops of conductor (1 m in diameter) were formed, one earthed, the other connected to the 
active supply, and an arc initiated between the loops for a variety of gaps. It was thought 
that half of the current would flow in each half of each loop and stabilise the arc (see 
figure 2.12).
Figure 2.12 Alternative test arrangement
20
Firstly, tests using this arrangement were carried out with the synthetic circuit. Sparks 
were created and arc did appear to be more stable than with the initial tests.
While this arrangement did not change the nature of arc velocity, it meant that the arc 
self-extinguished more rapidly due to the increasing conductor separation. Thus, the arc 
was found to not travel as far along the conductor surface.
Secondly, the building supply, a 50 Hz mains power frequency supply, was used. This 
allowed for either 240 or 415 V at currents of up to 200 A. A typical voltage/current profile 
for these tests appears in figure 2.13. However, this arrangement also produced a minimal 
number of sparks and once again the arc extinguished rapidly.
Figure 2.13 Typical voltage/current profile from building supply tests.
Energy calculations were carried out in a similar manner to those for the aluminium rod 
previously. However, the results of these were not as conclusive as those for the aluminium 
rod. The mass of aluminium ejected for sets of exactly the same test condition was extremely 
variable.
The arc burning voltage was similar to that recorded for the aluminium-rod arrangement.
The conclusion of both these tests was that the arc tended to move wildly in the vertical 
plane (the conductor loops were lying in the horizontal plane), which, when combined with 
its tendency to track along a single strand of aluminium and thus rotate about the conductor, 
resulted in differing amounts of aluminium being ejected in the form of droplets.
These tests also clearly highlighted the more random nature of droplet ejection when using 
true aluminium conductor. While the earlier tests with aluminium rod allowed the amount 
of energy required to eject a certain number of droplets to be determined, such a 
determination with the conductor of these tests was not possible.
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2.4.3 Arc Velocity
In order to get an idea of arc velocity, a number of tests were carried out using the synthetic 
circuit. The conductors were hung vertically, separated by 10 mm, with the clamps placed 
1 m apart. An arc was initiated at the top of the conductors, from where it moved rapidly 
down the conductors towards the ground .
The arc was observed with a video camera. This presented a resolution problem since the 
video operates at 25 frames per second (i.e. 40 ms per frame or 4 half cycles).
Current records indicated the life of the arc, and so, by measuring the arc length as a 
percentage of conductor length from the video record and dividing by the arc life-time, an 
approximate arc velocity was calculated. This is shown in figure 2.14
Figure 2.14 Arc Speed between 713.0 AAC Conductors 
2.4.4 Conductor Damage
The typical damage occurring on the surface of the conductor in each test was able to be 
characterised by inspection after the clash. This damage was directly related to the amount 
of material removed, or number of droplets ejected. Typical damage is shown in figure 2.15. 
The nature of arc movement can be seen from these photographs. In both cases, the arc 
has travelled from left to right, and then proceeded to ablate more material at the point 
where it became rooted across the wooden clamps used to fix conductor separation.
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Figure 2.15 Typical conductor clashing damage: more than 50 droplets collected.
Clearly, by compiling photographic documentation of post-clash conductor damage, along 
with associated information such as the number and size distribution of droplets ejected, 
for a range of fault conditions, a reference with which real instances of conductor clashing 
may be compared, could be obtained. This too, is part of the overall program and will be 
reported elsewhere.
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2.5 Droplet Morphology
Visual inspection of the droplets collected from both the aluminium rod and conductor 
showed them to exhibit similar characteristics. However, this is not surprising when one 
considers that both the electrical conditions and the materials used in the tests of 
sections 2.3 and 2.4 were much the same.
It became immediately clear, when conducting the tests, that the aluminium droplets 
ejected from the simulations were not simply spherical. In the majority of cases, the droplets 
had a hemispherical cap attached to the a larger aluminium sphere, as shown in the 1.4 mm 
diameter droplet of figure 2.16. Of note was the oxide layer covering part of the larger 
sphere.
Closer examination of this layer (figures 2.17 and 2.18) reveals a rather complex structure. 
This structure consists primarily of rhombohedral crystals, characteristic of aAl20 3, more 
commonly known as corundum.
Although corundum is the only stable form of aluminium oxide, Mondolfo [16] notes that 
it is not often found, since it forms only when aluminium is oxidised at temperatures greater 
than 900*C. The actual melting point of this form of the oxide is about 2040*C.
Mondolfo also notes that the temperatures developed in the combustion of aluminium are 
of the order of 2500-3500*C. It would thus seem reasonable, based on these observations, 
to assume that the temperatures that the drops reach mid-flight are of greater than 2000°C.
Figure 2.16 Typical aluminium droplet - photo covers an area o f 1.8 x 2.4 mm.
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Figure 2.17 Closer inspection of the oxide layer o f the droplet shown in figure 2.16 -
photo covers an area o f0.52 x 0.68 mm.
Figure 2.18 Close-up of oxide layer of the droplet shown in figure 2.16. The rhombohe- 
dral crystals characteristic of corundum are clearly visible - photo covers 
an area o f25 x 33 }xm.
Initially, it appeared that the double droplet formations, typified by figure 2.16, were the 
result of two droplets joining in mid-flight. When microsections were taken (figure 2.19),
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it was revealed that there was no boundary between contiguous droplets and certainly no 
vestigial film of oxide at the potential interface, suggesting that droplets had not joined, 
but rather had been formed from the same melt.
However, because surface tension would tend to pull the two molten droplets into one as 
they were ejected from the conductor, a more likely explanation for the double droplet 
formation is that impact with a solid surface (i.e. the ground or box walls) was causing 
partially breakup of the still molten droplet.
Figure 2.19 Microsection of an aluminium droplet - photo covers an area of 
1.8 x 2.4 mm.
Droplets were also rather porous, having large internal cavities, as can be seen in the 
microsection, of figure 2.19. On some droplets, these cavities were found to have broken 
through to the outside of the droplet, as in figure 2.20. This suggests a gas build-up within 
the droplet.
Also, within both the internal and external cavities, oxide formations were observed to have 
accumulated, as is shown in figure 2.21.
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Figure 2.20 Photograph showing the porous nature of some of the more heavily oxidised 
droplets - photo covers an area o f 2.4 x 3.2 mm.
Figure 2.21 Photograph showing oxide (fine white specks) scattered within the cavity of 
an aluminium droplet - photo covers an area o f0.29 x 0.38 mm
2.6 Droplet Size Distribution
Due to the almost spherical nature of the droplets, it was possible to use a sieve stack to 
determine the size distribution of the droplets.
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The droplets were separated into a series of size intervals using Tyler Standard sieves. A 
maximum sieve size of 1.981 mm was selected since visual inspection indicated that the 
largest of the droplets were about 2 mm in diameter. The smallest size used was 0.295 mm, 
with the interposing sieves each about 20% larger than the next smallest.
For the larger droplets, it was possible to count their number, measure their collective mass, 
and hence calculate a mean droplet mass and mean density using the sieve mesh size to 
represent the droplet diameter (this tended to over estimate the density, since droplets 
retained are larger than mesh size).
This mean density was then used to calculate a mean droplet mass for each of the smaller 
droplet (sieve mesh) sizes. For each of these sizes the collective droplet mass was measured 
and hence the approximate number of droplets calculated.
This size distribution of droplets collected from over 250 tests is shown figure 2.22. The 
difference between distributions for the two test arrangements is noticeable, although the 
number of very large droplets remained essentially the same.
Figure 2.22 Number of droplets larger than a given size.
It can be seen from this figure that only a very small number of the droplets collected were 
greater than 2.0 mm in diameter. In fact, only about 1% of the droplets were larger than 
1.6 mm, while about 50% were larger than 0.6 mm. For the larger droplets, this distribution 
is similar to that obtained by the SECV [2]. However, their results indicated that only 
some 15-20% of droplets were larger than 0.6 mm.
While this discrepancy suggests that neither of the test arrangements ideally simulated a 
real conductor clashing situation, they did allow a feel for the process of conductor clashing, 
and the ejection of incandescent aluminium droplets, to be obtained.
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Chapter 3
Observing the Temperature of Aluminium Droplets
3.1 Introduction
To determine aluminium-droplet energy-levels as a function of time, a study of droplet 
temperature history was carried out. The aim was to look at the temperature history from 
the point of droplet ignition until the droplet cooled to below visible incandescence.
Practically, observation of the temperature of droplets ejected from clashing aluminium 
conductors presents a number of difficulties:
• Firstly, there is the problem of tracking a given droplet ejected by the clash with a 
temperature measurement device,
• Secondly, a droplet of known size needs to be generated,
• Finally, there is the problem of selecting a suitable device with which to measure 
temperature.
An arrangement whereby the droplet remained relatively stationary was devised in order 
to overcome the first problem, while to overcome the second problem several means of 
droplet generation were investigated. To make temperature measurements an arrange­
ment utilising a video frame grabber installed in an IBM PC, coupled with video recording 
equipment, was arrived at.
3.2 Supporting Aluminium Droplets
To facilitate ready observation of aluminium droplets, the prototype funnel arrangement 
of figure 3.1 was designed to provide a cushion of air on which to float the droplets. This 
prototype was made up using 15 mm diameter perspex tubing and a pyrex funnel with a 
top aperture of 250 mm. In order to match the diameter of the perspex tubing to that of 
the funnel, a graded perspex coupling was made.
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Figure 3.1 Prototype arrangement for supporting droplets
The key assumption in supporting a droplet in such a fashion is that a column of air (at 
ambient temperature) rushing past a relatively stationary droplet (at a velocity to keep 
such a droplet stationary), provides a similar situation to that of a droplet rushing through 
the air at a similar velocity after being ejected from a conductor clash. Note that although 
the initial velocity of a reed droplet is likely to be substantially greater than that of the air 
column, this velocity reduces to the terminal velocity (which is what the column provides) 
over time.
Initial tests showed that there was no problem in supporting droplets of a given size by 
simply regulating the flow of compressed air. The relationship between required air flow 
and droplet size for the air column is calculated in Appendix C, and shown in figure 3.2.
Supported droplets did not tend to float as originally intended, but rather tended to bubble 
around, due to the effects of turbulence in the throat of funnel which is where the greater 
pressure and hence flow gradient began. Droplets heavier than those supported by a given 
air flow fell to the bottom of the column, while droplets lighter tended be thrown out of the 
funnel (and were often caught again as they fell).
With the prototype arrangement, the velocity profile (shown schematically in figure 3.3a) 
was essentially flat, which tended to throw droplets from the column as they become lighter 
than the required size for a given air-flow.
An alternative arrangement was tried in order to form a velocity well by using a tiered 
funnel set-up (figure 3.3b). It was thought that this would allow droplets to be supported 
higher up in the funnel arrangement, rather than the throat of the funnel as with the single 
funnel set-up. This situation would allow for greater droplet freedom than imposed by the 
walls of the column of the prototype arrangement.
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Figure 3.2 Relationship between air flow and droplet size
Figure 3.3 (a) single funnel and (b) tiered funnel test arrangements
However, arranging the two air-flows to provide a uniform velocity profile across the funnel 
boundary proved to be extremely difficult and as further tests with the single funnel 
arrangement proved to be satisfactory, it was not investigated further.
3.3 Droplet Production
In order to obtain relevant results, it was necessary to synthetically produce droplets that 
were similar to those obtained by the real conductor clashing simulations discussed in 
Chapter 2.
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A number of possibilities were considered, as highlighted in the following, before deciding 
to use the DC-arc approach of section 3.3.2
3.3.1 Heating of aluminium in a crucible (using oxyacetylene)
This option allowed for more controlled heating of the aluminium up to a temperature of 
the order of 2000°C. Once heated to a given temperature (measured via a thermocouple 
placed through the crucible lid), the aluminium could be poured onto various sizes of wire 
mesh in order to control the droplet size. This mesh would be pre-heated in order to remove 
as little heat as possible from the droplet.
Tests were conducted where aluminium was melted in a ceramic crucible with a high 
pressure bunsen burner. This was able to elevate the temperature to about 1000°C 
(measured using an optical pyrometer), which was not hot enough to cause the aluminium 
to spontaneously oxidise.
When oxyacetylene was applied to the ceramic crucible it shattered. Using a stainless 
steel crucible allowed the much higher heat of oxyacetylene to be applied. Heated from 
above, the aluminium could be elevated to about 1800°C, while the stainless steel cru­
cible holding the aluminium reached about 1000°C. However, it was not possible to 
cause the aluminium to ignite, because, by the time the aluminium had been raised to 
this temperature, a substantial oxide cap had formed and after only several minutes of 
heating the whole mass of aluminium had been reduced to oxide. Heated from below, 
the aluminium achieved temperatures similar to that of the stainless steel crucible i.e. 
lOOO’C.
Arranging the apparatus so that the aluminium could be poured into the air column also 
proved to be very difficult. Because of these drawbacks this option was discarded.
3.3.2 DC Arc
A DC arc was drawn between a piece of aluminium conductor and a large carbon electrode. 
Droplets balled up on the wire and then fell under the influence of gravity into the air 
column.
Initial tests showed that for 1.2 aluminium wire and 2.2 mm aluminium conductor droplets 
of the order 3-5 mm were produced. The material tended to ball up as the arc burned. More 
often than not, this material did not drop off the wire until the arc was re-initiated by 
bringing the wire back into contact with the wire electrode. This rapidly heated the ball 
of aluminium until it dropped under the influence of gravity into the air stream as a droplet. 
Generally, once in the air stream this droplet proceeded to oxidise rather heavily.
Some droplets lost sufficient mass (through oxidisation) that, after briefly settling in the 
air column, they were blown out of it.
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It was found that wire mesh placed on top of the funnel of the air column to provide greater 
control over droplet size did not cause the aluminium to break up as expected - rather the 
droplet was caught by the mesh, where it proceeded to cool. It is possible that this occurred 
simply because the mesh was too close to where the droplet was produced (150 mm below). 
Thus the idea of using mesh was discarded.
3.3.3 Induction Heating
An ideal arrangement would have been to have a coil around the air column and heat 
pre-made aluminium droplets to the required temperature (determined by the time the coil 
is powered). This would enable very controlled heating of droplets of an exactly known size.
There were a couple of problems with this approach, however. The major one was that of 
coupling heat into small (1-2 mm diameter) droplets that were not completely stationary 
(droplets moved up and down in the air stream). Calculations carried out using the work 
of Davies [17] indicated that this would have required a substantial power supply (several 
thousand amps at several hundred hertz).
The second was observing the droplet within the coil. This could have been overcome by 
viewing the droplet from above, which would have required mounting the camera at a great 
enough height above the droplet to achieve adequate depth of field (remembering that the 
droplet moved in the vertical direction).
Additionally, it was expected that the turbulence generated in the coil would further 
complicate the matter of coupling the heat into the droplets.
3.3.4 Conductor Clashing
The most suitable way of producing droplets would have been to use conductor clashing 
simulations of the type used in Chapter 2. This would have the result of generating real 
droplets with exactly the characteristics of those produced when conductors clash on the 
electrical system. It too, presented problems.
Firstly, previous tests indicated that there is a great deal of randomness concerning the 
size of droplets produced in any given clash simulation (even though for a given electrical 
situation the mass of material removed is predictable). This results in the problem of setting 
the air-flow to catch droplets.
Secondly, the droplets are ejected from the simulated clash in all directions, making the 
task of catching such droplets in the air-flow rather difficult. Such tests would have to be 
carried out on a statistical basis due to the variability of initial parameters.
3.4 Video Pyrometry
3.4.1 Optical Pyrometry Background
The calibration of the DT2851 frame grabber was carried out with the aid of a Leeds and 
Northrup disappearing filament optical pyrometer. This section draws on information from
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BS2082 [18], the standard dealing with disappearing filament optical pyrometers, in order 
to define some o f the terms relevant to optical pyrometry and then to discuss how the true 
temperature o f a body may be determined from the temperature observed using an optical 
pyrometer. This information is then used to calibrate the DT2851 (section 3.4.3).
3.4.1.1 Definitions
Apparent brightness. The attribute o f visual perception in accordance with which an area 
appears to emit more or less fight.
Blackbody radiator. A fight source emitting radiation, the spectral distribution o f which is 
dependent on the temperature only and not on the material and nature o f the fight source.
Brightness temperature. The temperature o f a blackbody radiator which has the same 
luminance as the fight source considered at a given wavelength.
Colour temperature. The temperature o f a blackbody radiator which would emit radiation 
o f substantially the same spectral distribution in the visible region as the radiation from 
the fight source and which would have the same colour.
Optical pyrometer. A pyrometer in which the indications o f temperature are dependent on 
the apparent brightness o f the fight source at a particular wavelength.
Spectral emissivity. The ratio o f energy radiated over an infinitesimally small wavelength 
range, at a certain wavelength, in a specified direction, by unit area o f surface, to energy 
radiated by unit area o f a blackbody radiator at the same temperature.
3.4.1.2 Luminance/Temperature Relationship and Spectral Emissivity
Different materials, when heated to incandescence, have different apparent brightnesses 
at the same temperature. Because the optical pyrometer measures temperature in terms 
of apparent brightness, it is necessary to find the relationship between true temperature, 
T and observed apparent brightness temperature, Tc. To do this, it is necessary to know 
the ratio o f energy radiated by the material in question to the energy radiated by a blackbody 
o f the same temperature, both being measured within a given waveband. This ratio is 
known as the spectral emissivity, ex.
The true temperature o f the material may then be derived from the brightness temperature 
given by the optical pyrometer, and its spectral emissivity through the use o f Plank’s law 
of radiation, equation (3.1);
A =
C, (3.1)
where Jx = energy radiated by a blackbody radiator at a wavelength X, 
T = absolute temperature o f a body in kelvin,
X = wavelength of radiation,
Ci,C2 = constants (C2 = 1.438 cm.kelvin).
To simplify calculations, the Wein equation may, in practice, be used;
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(3.2)
A =
C,
x A5* ^
Using equation (3.2) allows the energy radiated by the source material to be written as;
, ____c±_
1
C,
(3.3)
and, after equating equations (3.3), the true temperature satisfies the relationship:
1 l Alne* (3.4)
t = Tc+ c 2 ‘
3.4.1.3 Disappearing filament optical pyrometer
The Leeds and Northrup disappearing-filament optical pyrometer used operated at an 
effective wavelength, A, o f 0.65 pm. This effective wavelength is arrived at by considering 
the spectral response o f the typical eye, which acts as a low pass filter, and the dark red 
filter in the optical pyrometer, which acts as a high pass filter. This is shown in figure 3.4.
Figure 3.4 Spectral response o f mean eye and typical red glass.
Once the effective operating wavelength is known, the corrected temperature can be 
calculated from equation (3.4). At this wavelength, the corrected temperatures for a number 
o f observed temperatures and spectral emissivities is as given in table 3.1.
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Corrected Temperature for various spectral emissivities
Observed Tem­
perature 0.1 0.2 0.25 0.3 0.35 0.4 0.5 0.6
1500 1901 1763 1722 1689 1663 1641 1604 1576
1600 2054 1895 1849 1813 1783 1758 1717 1685
1700 2210 2031 1978 1937 1904 1876 1830 1794
1800 2370 2168 2109 2064 2026 1995 1944 1904
1900 2535 2308 2243 2191 2150 2115 2059 2015
2000 2704 2450 2378 2321 2275 2236 2174 2126
2100 2878 2595 2514 2452 2401 2359 2291 2238
2200 3057 2743 2654 2585 2529 2482 2408 2350
2300 3241 2893 2795 2719 2658 2607 2526 2463
Table 3.1 Corrected temperature as a function o f observed temperature and spectral
emissivity.
3.4.2 Test Arrangement
The equipment was arranged as shown in figures 3.5 and 3.6. A white board having a 
circular aperture 60 mm in diameter cut in its centre, through which the air column and 
suspended droplets were viewed, was used to control the camera aperture. The droplet 
brightness was modified by interposing neutral density filters. Droplet production was 
carried out using the DC-arc technique discussed in section 3.3.2. The arrangement of the 
air-column and arc electrodes is shown in figure 3.7.
Figure 3.5 Schematic o f the test arrangement for supporting and observing molten
droplets
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Figure 3.7 Photograph of the test arrangement for supporting molten droplets
This section presents an outline of some of the features and problems of the equipment
used.
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3.4.2.1 Video Recorder
The Panasonic FS100 S-VHS video recorder used had a vertical resolution o f 625 lines and 
a horizontal resolution o f more than 400 Unes using the S-VHS format.
Images were recorded at the rate o f 25 frames per second (i.e. 40 ms/frame). However, it 
carried this out using interlacing techniques: the first pass recording all o f the even Unes, 
and the second recording all o f the odd Unes. This effectively meant that 50 half frames 
were recorded per second (i.e. 20 ms/half frame).
These 50 half frames were available for viewing when using the VCR frame advance feature, 
with a single frame advance replacing either all o f the odd or even Unes in the frame. 
Consequently, when viewing a given frame, droplets occasionally appeared to have sep­
arated as is shown diagrammaticaUy in figure 3.8. This was simply because, in the second 
20 ms period o f a 40 ms frame the droplet may have moved by a certain amount. Thus, the 
obtaining o f complete information for a droplet in a 40 ms frame was not possible unless 
the droplet remained stationary.
Droplet recorded during the 
first 20ms of a frame
\ Droplet recorded during the second 
\ 20ms of the same frame
Figure 3.8 Droplet separation in a video frame
However, merging the separated droplet in frames in which it was moving, enabled an 
approximate picture to be obtained. Also, no brightness information was missing, and so 
temperature conversions were still able to be made.
3.4.2.2 Video Camera
The Panasonic MS90 S-VHS video camera used had a high-resolution CCD image sensor 
to complement the video recorder described previously. Although able to record, it was 
used in an acquisition mode only, with recording carried out by the S-VHS video recorder.
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The camera was able to be operated at a range of electronic shutter speeds, up to 1/2000 th 
of a second. Use of this electronic shutter did not in fact result in more frames per second, 
but rather limited the time per frame for which light was able to fall on the CCD image 
sensor. Thus, at a shutter speed o f 1/1000 th of a second, light fell on to the CCD image 
sensor for the first 1 ms of each 40 ms frame. It was found that frames were clearer when 
the shutter was left open for the complete 40 ms and so, in the final series of tests, the 
faster shutter speeds were not used.
Although manual aperture control was provided, the camera aperture was not able to be 
opened at fixed f-stops, due to the imprecise way in which this control operated. In order 
to ensure a constant aperture setting for the camera, an illuminated white board was placed 
in front of the suspension column arrangement. The illumination of the white surface was 
able to be varied by rearranging the fighting.
One point of concern was the spectral response of the camera CCD image sensor. Ideally, 
it was thought that the camera should be set up to view the same narrow band of wavelengths 
as the optical pyrometer. This was because the emissivity of aluminium is not well known 
as a function of wavelength (section 3.4.3) and significant amounts of energy above or below 
the optical pyrometer’s effective wavelength could have influenced the brightness that the 
frame grabber saw.
The CCD image sensor has a spectral response (figure 3.9) similar to that o f the eye, due 
to the use, within the camera, of a Coming type quartz glass which eliminates IR content.
To provide an equivalent to the red glass in the optical pyrometer, a Kodak no.29 dark red 
wratten filter was used in some of the tests.
Figure 3.9 Spectral response o f CCD and no.29 filter.
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To limit the amount of light falling upon the CCD image sensor and thus prevent saturation, 
Kodak neutral density (ND) wratten filters were used. These reduce the amount of light 
passing through by a uniform amount across the visible spectrum. They are identified 
using a logarithmic scale, such that an ND2.0 filter reduces fight by 100 times, while an 
ND3.0 filter reduces fight by 1000 times.
3.4.2.3 Frame grabber
The Data Translation DT2851 frame grabber carried out a 512x512 pixel conversion of each 
video frame, using an 8-bit (256 level) grey scale. It was able to carry out conversions in 
real time (ie 25 frames per second) by combining 2 half frames every 40 ms.
Temporary storage for these frames was provided by two frame buffers, each of 256 Kb. 
These frame buffers were memory mapped into the extended memory space o f the IBM PC. 
The card was also able to redisplay the image using three separate D/A converters to 
translate the digital data to the video output.
3.4.2.4 IBM PC
With only two frame store buffers available on the DT2851 (ie 512 Kb) and somewhat less 
than 640 Kb available on a standard IBM PC, it became apparent that only 3 or possibly 
4 video frames (at 256 Kb/frame) could be captured in memory at any one time. This 
limitation meant that, for analysis to be carried out on complete frames, it had to be done 
in real time or the frames had to be sent to a storage device in real time. Neither of these 
alternatives was practical, due firstly to the nature of the analysis and secondly the size of 
the frames.
An alternative was to capture a portion (or window) of each frame from one of the DT2851 
frame store buffers and temporarily store it in the memory available on the IBM PC. While 
this was not an ideal solution to the problem, it was workable.
For instance, using a 100x100 pixel window required 10 Kb of storage per frame, which in 
turn meant that some 30 frames could be captured in real time. Once captured, these 
windows of each frame could be sent to a storage device for later analysis.
3.4.3 Calibration
The relative brightness output of the DT2851 frame grabber for a given brightness tem­
perature input, was calibrated against a tungsten strip lamp.
The brightness temperature of the tungsten strip lamp for a range of currents was measured 
using a Leeds & Northrup disappearing-filament optical pyrometer of the type discussed 
previously. The currents were measured as voltages across a 2.543 mil shunt resistor and 
then plotted against the observed temperature, T0 in figure 3.10.
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Tungsten Filament Shunt Voltage (mV)
Figure 3.10 Observed filament temperature as a function o f filament shunt voltage
A series of tests using identical lighting conditions to those used for tests with aluminium 
droplets were then carried out with the tungsten strip lamp taking the place of droplet and 
funnel arrangement. The maximum and average brightnesses, and Zav of the filament 
for the full range of currents were obtained from the frame grabber for a selection of 
interposed neutral density filters, both with and without the no.29 dark red filter.
The maximum brightness, ZMI was simply the value of the brightest pixel in the frame, 
while the average brightness, Zav was calculated by taking the average of a 5-by-5 matrix 
surrounding the brightest pixel in the frame. It was found that taking either a maximum 
or average brightness of the tungsten strip lamp had httle effect on the shape of the resulting 
curve. Thus, only the maximum brightness, Z ^  was considered for calibration purposes. 
The maximum brightness had a range of 0-255, due to the 8-bit gray scale of the frame 
grabber.
This information, when combined with the information of figure 3.10, allowed the shunt 
voltage axis to be removed and a plot of maximum brightness, ZMJ vs observed temperature, 
T0 to be generated (figures 3.11 and 3.12). The curves in these figures are best-fit third 
order polynomials, used because they were found to be the simplest functions to approxi­
mately fit the data. The main point to note from these plots is that the output from the 
frame grabber and hence the CCD camera lens is non-linear at the extremities of brightness. 
While this is not a problem at the lower end of the brightness scale, so long as the extent 
of non-linearity is known, it presents a problem at the upper end, since it becomes difficult 
to determine whether the camera CCD lens has, in fact, saturated (i.e. a frame grabber 
output of 255).
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Figure 3.11 Observed filament temperature as a function o f maximum relative bright­
ness, Zmaxt for several ND filters
Figure 3.12 Observed filament temperature as a function o f maximum relative bright­
ness, Zmax> for several ND filters and no.29 dark red filter
The temperature data had to be then corrected for the spectral emissivity, ex o f the droplets 
at the wavelength of the optical pyrometer, X (0.65pm).
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Substantial data is not available regarding the emissivity of aluminium and aluminium 
oxide at the temperatures in question and over a range of wavelengths. However, it has 
been estimated by various authors at 0.65jim:
• SECV [2] suggested a value of 0.3±0.05,
• Weast [19]indicatedarangeofobservedvaluesforaluminiumoxideof0.22-0.4,noting 
that in general rougher surfaces have a higher emissivity,
• Mills [1] extrapolated low temperature data for bright aluminium to suggest a range 
of 0.15-0.3.
It was thought that carrying out some tests to indicate the emissivity of the droplets pro­
duced may have been appropriate. However, when table 3.1 is considered the temperature 
errors at 2000’C are only of the order o f ±50*C for £*=0.310.05 and ±100°C for £*=0.310.10. 
The range 0.25-0.35 was chosen as being appropriate initially.
This correction was carried out for 3 emissivity values; 0.3 and the bounding values of 0.25 
and 0.35. Corrected temperature, Tc was then plotted against maximum brightness, Zmi 
for each of the neutral density filters as in figures 3.13 and 3.14. Once again, third order 
polynomials were used to fit curves to the data.
Figure 3.13 Aluminium droplet temperature as a function o f maximum brightness
In order to allow the corrected temperature to be calculated for an arbitrary maximum 
brightness, coefficients for the 3rd order polynomials in these figures were recorded. 
Additionally, coefficients were calculated for third order polynomials at spectral emissivities 
of 0.25 and 0.35. This allowed corrected temperature to be calculated for the range of 
spectral emissivities, using equation (3.5), with the appropriate coefficients.
Te(z) = a0 + alz +o2z2 + a3z3 (3.5)
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Figure 3.14 Aluminium droplet temperature as a function o f maximum brightness no.29
dark red filter
In order to ensure that the lighting conditions remained the same from one test to another, 
several reference points were created on the white board, and their brightness was checked 
from test to test for consistency.
3.4.4 Software Development
In order to carry out a time analysis of droplet temperature information captured on video, 
software was written to allow the DT2851 frame grabber to capture multiple frames from 
the VCR.
The DT IRIS subroutine library supplied with the DT2851 frame grabber provided an 
extensive array of functions that allowed control over the initialisation and acquisition 
process. Utilising these functions, a shell was written in Microsoft C to carry out acquisition, 
analysis and associated tasks. A brief summary of the functions implemented follows. A 
full report detailing the use of this software, complete with source code, is presented 
elsewhere [28].
Initialisation routines were required to firstly initialise the DT2851 frame grabber card 
and available memory in the IBM PC. Support routines to allow cursor control and the 
creation of a sizeable/moveable window for multiple frame acquisition were added. Addi­
tionally a pass-through mode was set-up to allow both camera and video frames to be simply 
viewed.
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Frame capture was set-up so as to be able to carry out both single-frame and multiple-frame 
acquisition, the latter in either a continuous or single-step mode. Single-frame acquisition 
was implemented to allow for the capture of complete frames, while multiple-frame 
acquisition was used to capture a window from each frame. Continuous mode acquired the 
required number of frames automatically, while in single-step mode frames were acquired 
one-by-one with the touch of a key, in conjunction with the video recorder frame advance 
button. A timer was built into these routines in order to record how long frame acquisition 
took, and therefore how many frames were acquired per second.
Frame storage. Once acquired, the frame storage routines allowed either all or parts of an 
image to be stored to the IBM PC hard disc. Multiple frames were stored on a one-file- 
per-frame basis.
Frame analysis and display routines were written to operate on the acquired frames. The 
analysis routines obtained the maximum brightness from each frame. The display routines 
allowed both histograms of droplet brightness on a per-frame basis, and graphs of maximum 
brightness per frame versus time for multiple frames, to be displayed and/or stored for later 
use.
3.5 Test Results
Initial tests with the air column arrangement resulted in a large number of shattered pyrex 
funnels, as high temperature droplets came into contact with the room temperature funnel. 
Also, the aluminium droplets were observed to occasionally fuse with the pyrex. When an 
attempt was made to remove these droplets, substantial sections of the funnel wall were 
also removed! Additionally the bubbling of the droplet in the air column made automatic 
collection of video frames rather difficult, and more often than not manual frame-by-frame 
data collection was required. However, some temperature records were obtained in this 
way, as will be seen later in this section.
With the funnel arrangement proving not to be as ideal as originally thought, it was 
abandoned, and a new approach used. In creating the droplets with the DC arc, it was 
observed that, by reducing the arc current slightly, droplets did not drop from the wire 
electrode all of the time, but rather remained attached by a sliver of aluminium. The sliver 
was a fraction of a millimeter in diameter, substantially smaller than the droplet. An 
example of such a droplet, produced using 1.2 mm wire, is shown in figure 3.15. These 
droplets proved to be perfectly stationary since they were attached to the wire electrode, 
and with the air flow from the funnel arrangement below still passing over them, were in 
much the same environment as before. The only difference was the droplet heat loss back 
along the wire. Consequently, the majority of temperature records were obtained in this 
fashion.
The droplets created were somewhat larger than those observed in conductor clashing 
experiments conducted in Chapter 2, with typical diameters of 3-5 mm. Since the droplet
45
Figure 3.15 Aluminium droplet still attached to aluminium wire
size for each test could be determined directly from the video frames, the relationship 
between temperature, mass, and droplet lifetime could be determined and related back to 
droplets of the size observed in earlier experiments, i.e. about 2 mm diameter.
The droplets from each frame appeared as a two dimensional array of brightness numbers 
to the frame grabber. Taking these two-dimensional arrays and plotting them with 
brightness as the z-axis, gives rise to a surface plot of the droplet. Surface plots of two 
typical frames are shown in figures 3.16 & 3.17. It should be noted that the z-axis scales 
of these two figures are different and consequently the background of figure 3.16 appears 
to be noisier than that of figure 3.17, but in reality is not. The z-axis range of the frame 
grabber is 0-255. Generally any brightness value below about 30 could be considered as 
background.
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Figure 3.17 Surface plot o f droplet brightness at about 2200 V
The information available in this two-dimensional array could be considered somewhat 
differently by counting how many times a certain brightness appeared. The information 
contained in figures 3.16 and 3.17 can therefore be presented as the histograms of 
figures 3.18 and 3.19 respectively. It can be seen from both of these histograms that there 
is a large number of pixels with values less than about 30, i.e. the background pixels. 
Because of this large number, a logarithmic scale was chosen for the y-axis in these his­
tograms. The droplet brightness is then spread over the 0-255 range, with only a small 
number of pixels having the maximum brightness in any given frame.
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Figure 3.18 Histogram of droplet brightness at about 1800 V
Figure 3.19 Histogram o f droplet brightness at about 2200 V
During the tests, it was found that a neutral density filter of value 3.3 and a neutral density 
filter of value 2.0 combined with a no. 29 dark red filter provided the appropriate tem­
perature window. From figures 3.13 and 3.14, it can be seen that these two combinations 
produced lower corrected temperature cutoffs of about 1700#C & 1600°C and an upper 
corrected temperature cutoff of just over 2400*C. This results in an overall temperature 
window of some 700-800'C.
Figures 3.21 through 3.25 show some of the different characteristics observed. These fig­
ures shown the temperature profiles of droplets of 3-5 mm in size, produced from both the 
1.2 mm and 2.2 mm wire. It was found that there was no noticeable difference between
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the temperature profiles of droplets produced with the different wires. Also, it was found 
that the length of time for which oxidation occurred varied, even for droplets of the same 
initial size.
In practice, it was found that frames were acquired at the rate of about 12.5 frames per 
second. Error bars are not included on the plots with longer time axes, simply because the 
graphs would become too cluttered. However, since the temperature axes are the same for 
all graphs, they may be inferred from those with error bars.
The photograph of figure 3.22 shows the frame-by-frame evolution of the droplet for the 
corresponding time/temperature plot. In this photograph the frame sequence progresses 
from left to right, top to bottom.
The droplet snapshots, shown above the remainder of the temperature profiles, are digital 
frames for various times. However, these pictures are not as accurate as the digital pictures 
present inside the computer, because they are shown with only 16 grey-levels, compared 
to the 256 levels available for analysis. They are included to provide an idea of what the 
droplet looked like, and are, in effect, a blown-up version of the droplets in the photograph 
of figure 3.22.
Figure 3.20 shows the position of the droplet snapshots, within the test set-up, for 
figures 3.21 through 3.25.
The arc used to generate the droplets was significantly hotter than the upper cutoff and 
hence video frames containing the arc clipped the frame grabber at a maximum brightness 
o f255 corresponding to a corrected temperature of about 2400’C. An example of this clipping 
can be seen in the first few milliseconds of figure 3.21.
After this, the droplets generally proceeded to cool to about 1800°C before the oxidisation 
process began in earnest, lifting the temperature to a typical value of 2200*C. This is in 
the vicinity of aluminium oxide’s melting point (2072’C), and a little lower than the boiling 
point of aluminium (2467*C). However, taking into account the error introduced due to not 
knowing the emissivity precisely, the true temperature could be very close to either of these 
values.
Oxidisation generally occurred more readily on the face of the droplet exposed to the air 
flow, which in the test arrangement used was the bottom of the droplet. On some droplets 
substantial oxide skirts built up. An example of this can be seen in the droplet snapshot 
at 6.6 seconds, in figure 3.23. The oxidisation site has moved from the middle of the droplet, 
towards the bottom. This is in good agreement with observations made of droplets in 
section 2.3, although these droplets did not generally oxidise as fully as the droplets seen 
here. It is likely that this is simply because the droplets observed in section 2.3 were 
quenched upon hitting the ground, causing the oxidisation process to cease.
Several of the figures indicate that the droplet proceeds to cool as the oxidisation process 
ceases, but then reignite as the oxidisation continues at another site. An example of this
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can be seen in the droplet snapshots of figure 3.24. In the frames at 5.6 and 9.6 seconds, 
there are two high temperature sites. This phenomenon was observed repeatedly 
throughout the tests.
Also, figure 3.24 is the only figure of those presented in which the droplet was observed 
floating freely in the air column. Consequently, the more rapid changes o f temperature 
may be explained by the fact that the droplet was free to spin, thereby presenting different 
aspects of itself to the camera. Additionally, errors may have been introduced due to the 
manual nature with which the frame data was collected. Regardless of these errors, the 
temperature history is consistent with the information contained in the other figures and 
may therefore be considered to provide a good picture of what was happening.
The difference due to different filter combinations was not apparent. Figure 3.25 shows 
the use of an ND3.3 filter while the remainder of the figures used the ND2.0 and no.29 
dark red combination. In all instances, the maximum temperature observed is of the order 
of 2200*C.
Attempts to produce smaller droplets with any sort of repeatability, using the DC-arc droplet 
production arrangement, were unsuccessful. However, from the few smaller droplets 
produced, it appeared that a 2 mm droplet could have a lifetime of upto 4-5 seconds. 
Although a droplet of this size is one eighth the mass of a 4 mm droplet, and on that basis 
could be expected to be consumed in one eighth of the time, the indication was that the 
smaller droplet oxidised to a greater extent than the larger droplet. For example, while a 
partially oxidised 4 mm droplet may have a lifetime of, say, 20 seconds, and a partially 
oxidised small droplet may have a lifetime of 2.5 seconds; a more fully oxidised small droplet 
is likely to have a lifetime of 4-5 seconds.
Figure 3.20 Position o f the droplet snapshots shown in figures 3.21 through 3.25, with 
respect to the test set-up.
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Figure 3.21 Temperature history of stationary droplet, viewed through ND2.0 and no.29
dark red filters.
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Figure 3.22 Temperature history o f stationary droplet, viewed through ND2.0 and no.29
dark red filters.
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Figure 3.23 Temperature history o f  stationary droplet, viewed through ND2.0 and no.29
dark red filters.
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Figure 3.24 Temperature history o f droplet in air column, viewed through ND2.0 and
no.29 dark red filters.
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Figure 3.25 Temperature history o f stationary droplet, viewed through ND3.3 filter.
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Chapter 4
Investigating the Ignition Potential of Aluminium 
Droplets
4.1 Introduction
In order to determine the danger of aluminium droplets, once they have been ejected from 
clashing conductors, an investigation o f droplet ignition potential was carried out. This 
focused on establishing energy thresholds, above which it would be possible for these 
droplets to start fires in a range o f forest fitters and bushland grasses. It was carried out 
with reference to AS2430.2 Classification o f Hazardous Areas [20], the Australian Standard 
that deals with energy levels associated with the combustion o f a wide range o f hazardous 
materials.
It has been established that aluminium droplets present a problem [6] and, as was men­
tioned in Chapter 1, similar work to that undertaken has previously been carried out in 
the area o f copper droplet ignition potential by Stokes [7].
Previous work carried out by the SECV [2] looked at the ignition o f both barley grass and 
cotton-wool by hot aluminium droplets in a slightly different fashion. Droplets o f a con­
trolled size were placed in a graphite spoon containing a rare metal thermocouple and were 
then heated in a furnace to a given temperature. These droplets were then tipped onto the 
fuel bed, where one o f three events occurred:
• the fuel bed burst into flame,
• the fuel bed smouldered,
• there was no ignition.
A graph o f droplet diameter versus droplet temperature was then constructed and each 
point labelled as being one o f definite ignition, possible ignition, or no ignition, as appro­
priate. This resulted in three bands on the graph identifying the ignition potential of 
aluminium for the particular fuel bed. A reproduction o f the graph showing the three bands 
for the ignition of dry grass is shown in figure 4.1.
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Figure 4.1 Ignition potential o f aluminium in barley grass, from SECV, 1977 [2]
The limitation o f this method o f droplet production was that only temperatures of up to 
1400°C could be investigated and it has been shown in the previous chapter that the 
temperature o f electrically produced incandescent aluminium droplets is a great deal higher 
than this.
4.2 Test Arrangement
The test apparatus used to document the temperature history o f aluminium droplets in the 
previous chapter was utilised to carry out a series o f ignition tests. This test arrangement 
had been used in earlier work by Stokes [7] to investigate the ignition potential o f copper 
droplets. The only modifications required were to allow for wire o f larger diameters than 
had been used in previous work to pass through the hollow graphite rod. The test rig was 
set-up as shown in figure 4.2.
In order to produce aluminium droplets o f an uncontrolled size, various gauges o f both 
aluminium conductor wire and aluminium TIG welding wire were fed through a hollow 
graphite rod until contact with the opposing graphite electrode occurred. At this point, an 
arc was struck between the wire cathode and the graphite anode. A range of currents at 
240 Vdc were used in order to determine which would produce the largest possible size of 
aluminium droplet. A value o f 64 A (corresponding to a series current limiting resistor of 
3.75 ft) was selected. Finally two gauges o f wire were selected to be used for all tests:
• Single-strand 2.2 mm All Aluminium Conductor (AAC) wire,
• 1.2 mm aluminium TIG welding wire
The TIG wire was used in order to determine if  the presence o f other alloying components, 
in this case primarily magnesium, with aluminium effected the nature o f droplet burning. 
The composition o f the two wires is outlined in Appendix B .l.
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Figure 4.2 DC arc test rig
The aluminium droplets produced from these wire electrodes were then allowed to fall 
through a narrow funnel a distance of 400 mm onto a selection of different sized stainless 
steel and steel meshes, at which point the droplets broke up. The funnel had a top diameter 
of 175 mm and bottom diameter of 45 mm. The mesh sizes used were 0.5, 1.0, 1.5 and 
2.0 mm. Once through the mesh, the droplets fell a further 190 mm onto trays of 
165x195 mm containing one of the following bushland fuels1, 20 mm deep:
• Barley grass from an Albury property of the Forestry Commission of NSW,
• Pine needles from a Wauchope forest,
1 All of the fuels used in these tests were supplied courtesy of the Forestry Commission of NSW, Wood Technology Centre.
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• Blackbutt litter, comprising leaves, twigs and bark, taken from the Cumberland 
State Forest,
• Bluegum litter, comprising leaves, twigs and bark, taken from the Cumberland 
State Forest.
Figure 4.3 shows these fuels contained in trays. Additionally, some tests were made using 
a bed of cotton lint, supplied by the Cotton Council of Australia.
Figure 4.3 Bushland fuels used, clockwise from top left; bluegum, barley grass, black- 
butt, and, pine needles.
In order to achieve minimal levels of moisture, the fuel samples were oven dried for 48 hours 
at 90±5°C prior to the tests being carried out. No attempt was made to control the laboratory 
humidity (which ranged from 60% to 70%) during testing, since the amount of moisture 
absorbed by the fuel samples in the short time between drying and testing was expected 
to be minimal. It was noted by Stokes [7] that the moisture content of the surrounding air 
had a small effect on the ignition of grass test beds. If anything, this effect would result in 
the ignition thresholds calculated being slightly high.
In order to attempt a measurement of the size distribution of aluminium droplets produced 
by the different mesh sizes, droplets were first collected in a water bath 20 mm deep. This 
had the effect of quenching the droplets and thus prevented further oxidisation of the 
aluminium. Additionally, droplet breakup due to impact with the fuel bed was prevented. 
To accurately gauge the size distribution, 50 showers of sparks from each of the two wire 
types were collected.
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Notably, aluminium droplets were often observed flaming and moving rapidly about on the 
surface of the water bath, reinforcing the earlier observation that the water in fact aided 
the oxidisation process by producing more oxygen locally as the water was broken down 
into its constituents.
4.3 Droplet Sizes
The material was collected from each of the tests by floating the fuel free of the droplets, 
using water. Once fully dried, the droplets were separated into a series of size intervals 
using Tyler Standard sieve stacks. A maximum sieve size of 1.981 mm was selected to 
carry out the analysis, since previous work indicated that the largest of the droplets pro­
duced by clashing were about 2 mm in diameter. The smallest size used was 0.495 mm, 
with the interposing sieves each about 20% larger than the next smallest. Material smaller 
than 0.495 mm was discounted as not being of significant size to ignite a fire.
The material in each interval was then weighed and normalised to a mean mass per test 
of 50 mg, so that the total normalised mass for 50 tests was 2500 mg. The value o f2500 mg 
was chosen as being typical for 50 tests. Then the number of droplets present in the interval 
(using a sieve of mesh size d mm) was calculated by dividing the total mass measured, 
mdroPieu(d) , by the calculated mass per droplet; equation (4.1):
, JX 6m+oPitu(d) (4.1)
Distributions of droplet size for the various meshes and the two wire sizes of 1.2 and 2.2 mm 
are shown in figures 4.4 through 4.9, while the normalised data is presented in table 4.1. 
These distributions may be interpreted by noting that the y-axis represents the cumulative 
percentage of droplets larger than a given diameter using a logarithmic scale. For instance, 
in figure 4.4, 100% of droplets were larger than 0.495 mm in diameter, while only about 
20% of droplets were larger than 0.8 mm.
The various meshes had the effect of shaping the droplet distribution so that there were 
simply less large droplets collected when a smaller mesh size was used. The fact that when, 
for instance, 0.53 mm mesh was used, droplets of up to 1.6 mm were produced, may be 
accounted for by the fact that aluminium’s surface tension would allow a droplet to elongate 
as it passed through the mesh and then pull the droplet back into a spherical shape once 
through. Additionally, there is a possibility of droplets coalescing during flight to form a 
double droplet, confirmed by the occasional droplet of this kind recovered from the fuel 
beds.
It can be seen that in general the droplet distributions in various fuel beds, are similar to 
the distribution provided by the water bath. However, it may be noted that invariably a 
smaller percentage of large droplets were found in the grass and pine needle fuel beds. This 
suggests that these fuel beds caused droplet break-up somewhat more readily than the
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hardwood and water beds. With the hardwood bed, this was confirmed by observations 
that droplets were often found lying on leaves and bark, while with the water bed this may 
be explained by virtue of the softer, more uniform, impact offered by the water.
Number of droplets collected per size Interval for 50 
spark showers
Mesh
(mm)
Wire
(mm)
Fuel no. of 
Tests
no. of 
Fires
1.981
mm
1.651
mm
1.397
mm
1.168
mm
0.991
mm
0.833
mm
0.701
mm
0.589
mm
0.495
mm
Total
0.53 1.2 W ater 50 0 0 0 0 86 244 821 1370 1004 548 4072
1 50 0 5 34 83 370 437 132 87 103 290 1539
1.5 50 0 59 96 101 133 99 48 76 98 359 1069
2 50 0 122 69 54 65 32 34 18 43 149 585
0.53 1.2 Bluegum 50 5 0 5 27 86 445 657 904 728 689 3541
1 50 6 0 42 167 325 222 103 105 101 791 1858
1.5 50 8 66 100 87 102 102 77 59 47 472 1111
0.53 1.2 Blackbutt 50 2 0 0 18 75 350 826 938 523 1435 4166
1 50 10 0 21 120 333 295 258 171 259 769 2226
1.5 50 13 68 96 97 112 87 60 32 65 377 993
2 50 20 97 70 72 91 64 64 60 25 451 995
0.53 1.2 Pine 50 23 0 0 15 91 299 717 1247 838 818 4025
1 Needles 50 23 0 15 71 220 511 377 297 235 962 2688
1.5 50 38 43 96 121 122 163 68 60 66 584 1322
1 2.2 W ater 50 0 52 50 114 187 212 137 79 64 215 1110
1.5 50 0 131 50 40 51 32 32 54 135 506 1031
2 50 0 150 52 28 25 21 17 18 45 222 579
1 2.2 Bluegum 50 33 19 71 109 256 196 151 116 98 662 1679
1.5 50 40 87 89 71 88 82 57 63 61 307 905
2 50 45 120 75 56 44 44 36 16 21 183 596
1 2.2 Blackbutt 50 35 34 50 128 238 225 121 107 86 251 1241
1.5 50 45 97 75 72 103 63 56 36 18 251 772
2 50 48 105 84 53 80 61 46 32 28 158 647
1 2.2 Pine 50 45 19 43 70 236 325 281 298 242 453 1966
1.5 Needles 50 50 60 97 102 105 139 93 71 71 166 902
2 50 50 69 72 111 139 98 97 69 61 140 856
1 2.2 Grass 50 48 0 74 229 146 312 104 42 125 0 1031
1.5 50 50 61 92 111 98 136 92 80 86 126 883
2 50 50 66 82 108 136 93 94 65 58 162 865
Table 4.1 Number of aluminium droplets per size interval, and number o f fires 
observed for 50 spark showers.
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Figure 4.4 Droplet distribution for a mesh size o f 0.53 mm, using 1.2 mm wire
Figure 4.5 Droplet distribution for a mesh size o f 1.0 mm, using 1.2 mm wire
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Figure 4.6 Droplet distribution for a mesh size o f 1.5 mm, using 1.2 mm wire
Figure 4.7 Droplet distribution for a mesh size o f 1.0 mm, using 2.2 mm wire
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Figure 4.8 Droplet distribution for a mesh size o f 1.5 mm, using 2.2 mm wire
Figure 4.9 Droplet distribution for a mesh size o f 2.0 mm, using 2.2 mm wire
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4.4 Fuel ignition
In general there was a clear distinction between whether the fuel bed would or would not 
ignite. There were very few instances in which the fuel bed just proceeded to smoulder 
without flame.
It was quite clear from the tests carried out that the fuels ease o f ignitability could be 
ordered as; cotton lint, barley grass, pine needles, followed by the hardwood samples of 
blackbutt and bluegum. In fact the cotton lint was so volatile, that there were no instances 
in which ignition did not occur, for any o f the mesh sizes used. Certainly, with reference 
to the Australian Standard [20], this observation alone, places aluminium in a hazardous 
category.
The barley grass fuel bed generally burnt uncontrollably after ignition, while the bed of 
pine needles, which appeared to be as easy to ignite, was somewhat easier to extinguish.
In order to determine an ignition threshold, Ethrta, and an energy above which fuel ignition 
is certain, E ^  for a given fuel the following steps were undertaken iteratively:
• Firstly, the probability o f ignition by droplets o f a given size was calculated 
using equation (4.2), with negative values assigned a probability o f zero. 
Therefore, when a given droplet has energy, E(d), equal to Ethres, the probability 
o f ignition is zero, while when that same particle has energy, E(d)y equal to E ^ ,  
the probability o f ignition is one.
E (d )-E llrts (4.2)
PigmtumK^*) r  _ r> *
cert ^ t h r a
The quantity E(d) is defined in equation (4.3), and represents the energy level 
o f a droplet o f diameter, d, at the melting point o f aluminium, which is considered 
to be the minimum temperature at which ignition could occur.
where Cp 
AHr 
AT
E(d) = (CpAT + AHf)
TCpd3 
~ ’
(4.3)
specific heat o f aluminium, [kJ/kgK], 
heat o f formation of aluminium, [kJ/kg], 
temperature rise from room temperature to the 
melting point o f aluminium, [K].
Then the number o f ignitions predicted for droplets o f a given size was calculated 
by multiplying the calculated ignition probability by the number o f droplets 
found in a given size interval from the tests (data from table 4.1):
nignuio^ (d) = pit0 iJLd)n+orttta(d). (4.4)
Thus the total number o f ignitions predicted for any test was calculated as: 
nignuu>«,(total) = E pipMJd)n^rUu(d). (4.5)
oil d
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• The total number of predicted ignitions was compared to the actual number of 
ignitions for all the tests using the given fuel, and the values Ethret and E 
adjusted so as to give a best fit.
Table 4.2 shows the predicted number of fires (for 50 spark showers) due to droplets in each 
interval, for the values of E ^  and E ^  arrived at. In this table, the total of fires in all 
intervals is shown in the right hand column headed Total Fires. This may be compared 
with the experimentally observed number of fires in the column headed Actual Fires. These 
two columns respectively represent the number of fires calculated and observed per 50 spark 
showers. Scrutiny of these two columns shows that the number o f fires calculated matches 
the number of fires observed reasonably well for most of the fuel and wire combinations.
From this table, it can be seen that for the hardwood samples (bluegum and blackbutt)2£iArM 
has been calculated as 1.2 J, while for the fighter fuel samples (barley grass and pine 
needles) E ^ , has been calculated as 0.2 J.
The difference between the wire diameters used only reflects itself in the upper threshold, 
E r^t. While the calculations carried out on droplets collected from tests using the 2.2 mm 
wire indicated a reasonably constant upper threshold of 40-45 J, those carried out for the 
1.2 mm wire give results that are quite variable, ranging as they do, from 60 to 200 J. It 
indicates that the addition of 5% magnesium has the effect of lowering the effective tem­
perature of the droplet, thus increasing the energy a droplet must have in order to cause 
ignition in the various samples.
Earlier work with copper carried out by Stokes [7] resulted in a calculated ignition 
threshold, Ethre^  for barley grass of the order of 4 J, some 20 times higher than the ignition 
threshold calculated here. In fight of the relative ease with which aluminium ignited the 
fuel compared to copper in the laboratory, this difference is credible.
Table 4.3 shows the ignition probabilities of droplets in each size interval for the same 
values of E ^ , and E ^ . The ignition probabilities for the various size intervals, for barley 
grass and pine needles, are the same due to the fact that the same energy threshold values 
were arrived at during calculations.
For tests using the 2.2 mm wire, one droplet in four that is larger than about 2 mm could 
be expected to ignite any of the fuels used. For the more volatile beds of barley grass and 
pine needles, two droplets per thousand, of about 0.7 mm in diameter, could be expected to 
ignite the fuels. On the other hand, it is unlikely that any droplets, below about 1 mm in 
diameter, pose an ignition threat to the hardwood fuel beds.
By way of comparison, Stokes [7] found that for copper there was no likelihood of droplets 
below 1 mm in diameter igniting barley grass.
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Calculated number of fire ignitions occurring per size 
interval for 50 showers
Mesh
(mm)
W ire
(mm)
Fuel Actual
Fires
E _ , 1.981 1.651 
(J) mm mm
1.397
mm
1.168
mm
0.991
mm
0.833 0.701 0.589 
mm mm mm
0.495
mm
Total
Fires
0.53 1.2 Biuegum 5 1.2 200 0 0 0 1 1 0 0 0 0 2
1 6 0 1 2 2 0 0 0 0 0 5
1.5 8 3 3 1 1 0 0 0 0 0 8
0.53 1.2 Blackbutt 2 1.2 90 0 0 1 1 1 0 0 0 0 3
1 10 0 1 4 4 1 0 0 0 0 10
1.5 13 8 6 3 1 0 0 0 0 0 18
2 20 11 4 2 1 0 0 0 0 0 18
0.53 1.2 Pine 23 0.2 60 0 0 1 3 6 8 7 1 0 26
1 Needles 23 0 2 5 8 11 4 2 0 0 32
1.5 38 8 11 8 4 3 1 0 0 0 35
1 2.2 Biuegum 33 1.2 42 5 9 8 7 1 0 0 0 0 30
1.5 40 22 12 5 2 1 0 0 0 0 42
2 45 30 10 4 1 0 0 0 0 0 45
1 2.2 Blackbutt 35 1.2 40 9 7 9 7 1 0 0 0 0 33
1.5 45 25 10 5 3 0 0 0 0 0 44
2 48 28 12 4 2 0 0 0 0 0 45
1 2.2 Pine 45 0.2 45 5 6 6 12 9 4 2 1 0 45
1.5 Needles 50 15 14 9 5 4 1 0 0 0 48
2 50 18 11 10 7 3 1 0 0 0 50
1 2.2 Grass 48 0.2 45 0 11 20 7 9 2 0 0 0 49
1.5 50 16 13 10 5 4 1 1 0 0 49
2 50 17 12 9 7 3 1 0 0 0 49
Table 4.2 Predicted number o f fires per size interval compared to number o f fires
observed, using droplet population from table 4.1.
Calculated probability of fire ignition for each size interval(%)
Wire
(mm)
Fuel E ^ ( J )
off
1.981
mm
1.651 1.397 1.168 
mm mm mm
0.991
mm
0.833
mm
0.701
mm
0.589
mm
0.495
mm
1.2 Biuegum 1.2 200 5.2 2.8 1.5 0.6 0.1 0.0 0.0 0.0 0.0
1.2 Blackbutt 1.2 90 11.7 6.2 3.2 1.3 0.3 0.0 0.0 0.0 0.0
1.2 Pine N eedles 0.2 60 19.2 10.9 6.5 3.7 2.1 1.1 0.5 0.2 0.0
2.2 Biuegum 1.2 42 25.0 13.3 6.9 2.8 0.6 0.0 0.0 0.0 0.0
2.2 Blackbutt 1.2 40 26.2 13.9 7.3 3.0 0.7 0.0 0.0 0.0 0.0
2.2 Pine Needles 0.2 45 25.5 14.6 8.7 4.9 2.8 1.5 0.7 0.2 0.0
2.2 Grass 0.2 45 25.5 14.6 8.7 4.9 2.8 1.5 0.7 0.2 0.0
Table 4.3 Probability of a droplet o f a given size igniting the fuel bed
In order to determine the validity of the energy level for barley grass, the original SECV 
data, extrapolated to higher temperatures, may again be considered. This extrapolation 
can be considered reasonable in light of the fact that an extrapolation carried out from 
1200°C to 1400°C by the SECV prior to data being available showed good agreement with 
the final data.
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A comparison of the extrapolated SECV data shown in figure 4.10 with the contours of 
constant energy (above 660°C) shown on the same figure shows that a droplet of 0.45 mm 
diameter at 1800°C has an energy of 0.2 J and is on the dividing fine between no ignition 
and possible ignition, i.e., on the ignition threshold, This is in agreement with the
calculated ignition probability of 0%, for barley grass, presented in table 4.3
Comparison of the calculated energy level above which ignition is certain, EMrt, of 45-60 J 
with the energy of droplets on the dividing fine between possible ignition and definite 
ignition of figure 4.10 does not give a good correlation.
This is possibly due to the fact that none of the droplets produced had energies much above 
10 J (at the melting point of aluminium), and ignition probabilities of any more than 26%. 
Even at temperatures in the vicinity of 2000°C, the energy of a 2 mm droplet is only about 
27 J - half that postulated for definite ignition. At the higher energy levels being postulated 
for definite ignition, ignition probabilities could change dramatically.
Taking this information into account, and assuming that at the higher temperatures it is 
essential for a droplet to have a certain amount of energy for ignition to occur, a composite 
curve may be drawn, figure 4.11. In this figure, a curve above which 25% of droplets will 
cause ignition, is postulated.
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Figure 4.10 Ignition potential o f  aluminium in barley grass (from figure 4.1) extrapo­
lated to 200(fC, with contours o f  constant energy overlaid.
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F ig u r e  4.11 Composite ignition potential curves, o f aluminium in barley grass.
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Chapter 5
Droplet Trajectories
5.1 Introduction
This chapter takes a statistical view of droplet trajectories with the aim of establishing just 
how far a droplet could be expected to travel and ignite ground litter. This information is 
of relevance when considering any real case of conductor clashing. For instance, it may be 
reasonable to expect one droplet to travel a substantial distance from the conductor clash, 
but, on a statistical basis, it may be very unreasonable to expect a shower of such droplets 
to travel the same substantial distance.
In order to do this, equations specifying droplet trajectories are firstly defined. Solutions 
to these equations are found for a variety of conditions and provide a picture of typically 
how far one may expect a droplet to travel, once ejected from an aluminium conductor.
Two approaches used to determine, firstly, droplet lifetime and, secondly, droplet tem­
perature history are discussed along with droplet fife time and ignition potential information 
obtained in Chapters 3 and 4 respectively.
Finally, the trajectory and temperature information is combined to produce a statistical 
picture.
5.2 Droplet Motion
The two forces of significance that act on a droplet moving through the air are shown 
diagrammatically in figure 5.1. Firstly there is a force due to gravity, and secondly a 
drag force, E ,^ proportional to the square of the relative velocity of the droplet, and in a 
direction opposite to it. The velocity of the droplet relative to the wind is given by r =_y -j j , 
where y  and u  are the velocities of the droplet and wind respectively. These forces are 
given by equation (5.1).
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E, = ^ "g.
F,(r) = - ^ r 2. (5.1)
=-CtVnr.
where g = acceleration due to gravity [m/s],
m = droplet mass, given by equation (5.2) [kg], 
Cd = droplet drag coefficient,
Ap = projected droplet area [m2], 
pa = air density [kg.m"3!,
r  = droplet velocity relative to the wind [m/s].
rcpd3 m -  6
(5.2)
where d = droplet diameter [m], 
p = droplet density [kg.m*3].
Figure 5.1 Forces acting on a droplet
The droplet drag coefficient, Cd, is defined in terms of the Reynolds number, R, which is a 
function of droplet relative velocity and the kinematic viscosity of air at the temperature 
in question. Several formulae have been proposed for the drag coefficient [1],[21],[22] over 
the Reynolds number range in question, as shown in figure 5.2.
The equation which best fits the experimental data for spheres is that determined by the 
SECY [22];
Cd =
(5.3)
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where L = l°ê(£r)
R =| r | d / v and v is the kinematic viscosity of air.
c
(1)
.0
<13oO
O)rok-Q
Figure 5.2 Reynolds Number versus Drag Coefficient for spheres, for the Reynolds 
number range in question - data taken from Mills [1], Perry [21] &
SECV [22]. Experimental values also taken from Perry [21].
The effect of oxide formation on the drag coefficient is not taken into account by 
equation (5.3). However, the rough formations that result from oxidisation will have the 
effect of increasing the drag coefficient, and so using equation (5.3), which assumes a smooth 
spherical surface, will result in a worst case scenario, and tend to overestimate the distance 
droplets could travel.
Thus the equation of motion for the droplet is given by equation (5.4);
d\
~dt
CjApPa= -m g-------— I r I r.
(5.4)
Defining the variable k as
C o n f i a
and separating equation (5.4) into x and y components gives:
v, = ~^(v, -  ux) [(vx -  uxf  + (vy -  uyf]°'5,
(5.5)
(5.6)
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(5.7)
These equations are able to be solved using simple numerical techniques. Droplet 
trajectories can then be determined for a variety of conditions.
V y = - g  - J 2 i y y - Uy)  [(V, -  Uxf  +  (V , -  My)2]0-5.
5.3 Effect of parameter variations on droplet trajectories
In order to observe the effect of parameter variations on the trajectory of a single droplet, 
calculations were carried out by varying one parameter, while fixing all others. Throughout 
all calculations, the height above ground at which the clash occurred was taken to be 5 m. 
The base parameters, about which single parameters were varied, were as outlined in 
table 5.1:
Parameter Base value
droplet diameter 1.5 mm
droplet density 2700 kg/m;
droplet ejection velocity 15 m/s
droplet ejection angle 45 *
wind velocity 20 km/h
wind inclination to the
horizontal 0*
Table 5.1 Calculation Base Parameters
In all calculations, the droplet was assumed to maintain a constant diameter, and hence 
mass, throughout it’s flight.
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Varying the droplet ejection angle gives the trajectories outlined in figure 5.3. Of all the 
parameters to be varied, this is perhaps the most significant. Clearly, a droplet that is 
ejected in the direction of the ground will travel a shorter distance than one ejected at any 
angle above the horizontal, regardless of any wind condition. Calculations confirmed 45* 
to be the optimum ejection angle to achieve maximum horizontal distance.
Distance from Conductor (m)
Figure 5.3 Effect o f varying droplet ejection angle on the distance covered by a droplet 
before reaching the ground.
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It can be seen from figure 5.4 that the actual droplet density used in calculations has an 
effect on the distance a droplet will travel. This is of some significance, due to the fact that 
SECV [2] found the density of droplets collected from conductor clashing tests to be 
2300 kg/m3 (using mercury displacement), while the actual densities of aluminium and 
aluminium oxide, given by Weast [23], are 2689 and 3900 kg/m3 respectively.
Figure 5.4 Effect o f droplet density on the distance covered by a droplet before reaching 
the ground.
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The various drag co-efficient formulas considered in section 5.2 also have an effect on the 
distance a droplet will travel. However, as with the droplet density, this effect is relatively 
small in percentage terms, as can be seen from inspection of figure 5.5. It suggests that 
the fact a typical droplet is not a perfect sphere will not greatly influence the distances a 
droplet will travel; as computed by the calculations carried out. Additionally, it suggests 
that the increasing drag coefficient, caused by oxidisation, will have a minimal effect on 
the distances travelled.
Figure 5.5 Effect o f differing formula for drag coefficient, using formulae from references 
[1],[21]  and [22].
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It is clear that for a droplet to cover very large distances, it must be assisted in some way. 
The greatest assistance it can receive is quite clearly due to high winds. Figure 5.6 shows 
the effect of a range of wind speeds on the distance covered by a droplet. In order to develop 
a feeling for just how strong a certain speed of wind is, the Beaufort Scale may be consulted 
(table 5.2). It can be seen from this table that 40 km/h is regarded as a strong breeze, while 
gale force winds correspond to speeds in the vicinity of 70 km/h.
Beaufort Scale 
num ber
D escription Observation Equivalent w ind 
speed (km/h)
0 calm smoke vertical 0
1 light air smoke drifts 4
2 light breeze leaves rustle 11
3 gentle breeze wind felt on face 17
4 moderate breeze thin branches move 26
5 fresh breeze small leafy trees sway 31
6 strong breeze large branches sway 43
8 gale twigs break 68
10 storm trees blown down 93
12 hurricane extreme damage 118
Table 5.2 The Beaufort Scale o f wind speeds, after Linacre [24].
Figure 5.6 Effect o f wind velocity on the distance covered by a droplet before reaching 
the ground.
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Varying the wind inclination about the horizontal, shown in figure 5.7, produces little 
change in distance travelled. Varying this parameter did highlight a neutral buoyancy 
situation, in which droplets did not reach the ground, but rather remained airborne. This 
situation occurred due to the gravitational force on the droplet being less than or equal to 
the upward force resulting from wind inclination above the horizontal. However, it was an 
extreme situation - only occurring for droplets 0.5 mm in diameter, when the wind inch- 
nation was 15 or 20* above the horizontal, and the wind speed above 50 km/h.
Figure 5.7 Effect o f wind inclination to the horizontal on the distance covered by a 
droplet before reaching the ground.
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The effect o f varying the droplet diameter can be seen in figure 5.8. Smaller droplets do 
not travel as far as larger droplets.
Distance from Conductor (m)
Figure 5.8 Effect o f droplet diameter on the distance covered by a droplet before reaching 
the ground.
5.4 Droplet Temperature and Lifetime
Mills [1] approached the problem of droplet temperature/lifetime calculation by assuming 
a constant droplet burning temperature. A mass balance was then carried out on the 
droplet, to determine its rate o f change of diameter with time. When the droplet reached 
zero diameter, it was considered to have burnt out. Thus, up until the point in time where 
this occurred, the droplet was considered to have the potential to ignite any ground litter 
in which it fell.
Droplets were observed to disappear from video recordings made in Chapter 2. However, 
it is thought that this was primarily due to their temperatures falling below incandescence, 
rather than them burning up. Throughout temperature observations, made in Chapter 3, 
oxide was observed to form on the surface o f the droplet, thereby increasing, rather than 
decreasing, its size.
SECV [2], on the other hand, opted for the heat balance approach in order to calculate the 
droplet temperature profile versus time. This approach assumed the droplet to remain a 
constant size. The rate o f heat gain in the droplet was calculated as the heat generated 
due to the highly exothermic oxidisation reaction, less the heat losses due to radiation and 
convective effects. This technique also allowed the rate at which aluminium oxide was 
generated to be calculated.
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An example of the temperature profile of a droplet with the initial parameters of table 5.1, 
using the SECV model, which is presented in Appendix D, is shown with respect to the 
distance travelled from the conductor in figure 5.9, for two different initial temperatures. 
It can be seen that the temperature on impact with the ground (some 19 m from the con­
ductor) is about 1700*C for both initial temperatures. The calculation was carried out such 
that the amount of aluminium oxide present in the droplet on impact with the ground was 
about 25%. It should also be noted that this droplet took just over two seconds to reach the 
ground. As was seen in Chapter 3, the temperature profiles observed were rather more 
complex than that which results from this calculation.
Distance from Conductor (m)
Figure 5.9 Droplet temperature history for parameters presented in table 5.1 (based on 
droplet temperature model from SECV [2] - see Appendix D)
Rather than modifying either of the models used by the two authors mentioned above, it 
was considered appropriate to simply take the lifetimes observed in Chapter 3 combined 
with the ignition probabilities observed in Chapter 4. If a droplet of a certain initial diameter 
takes longer to reach the ground for a certain set of conditions than its supposed lifetime, 
then it may be ignored as a potential fire hazard. However, if it does not, the ignition 
probability associated with the droplet may be used to calculate an ignition probability as 
a function of distance.
5.5 Probability of a droplet travelling a certain distance
In order to develop an appreciation of just how far droplets can travel from a conductor 
clashing site as well as the time they take to reach the ground, code was written to calculate 
these two values for a range of parameters:
• droplet diameter, d: 0.5,1.0,..., 2.0 mm,
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• droplet ejection velocity, v: 0,5,..., 20 m/s (the ejection angle, a, was fixed at the 
optimum of 45*),
• droplet ejection angle, a: -90,-67.5,...,90*
• wind velocity, u: 0,10,..., 90 km/h,
• wind direction, a: -20*, -15’ ,..., 20° about the horizontal. This angle can be 
considered to be caused by the terrain around the conductor clashing site.
For each possible combination of these conditions the horizontal distance travelled, x and 
the time taken to fall to the ground, tfaU were calculated. The trend, resulting from this 
series of calculations, appears plotted in figure 5.10 below. It should be noted that, at this 
stage, the lifetime of the droplet has not been taken into account and so these droplets may 
or may not be incandescent and able to ignite a fire.
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Plot o f time taken for a droplet to reach the ground after conductor clashing 
vs the distance travelled by such a droplet for a range o f parameter variations 
(outlined in text).
It can be clearly seen from this plot the majority of droplets ejected from a conductor clash 
under the conditions defined do not travel more than 100 m from the clash site and that 
this distance is generally covered in a time less than about 7 seconds.
Rearrangement of the data from this plot to consider just the horizontal distance travelled 
gives rise to figure 5.11, which shows the cumulative percentage of droplets travelling 
further than a certain distance from the conductor.
This figure may be interpreted by noting that 100% of the droplets travel more then 0 m 
from the clash site, 10% of droplets travel further than 35 m, while less than 2% of droplets 
travel further than 100 m.
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Figure 5.10
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Horizontal distance from conductor clash, X (m)
Figure 5.11 Cumulative percentage o f droplets travelling further than a certain hori­
zontal distance from the conductor clashing site.
One point to note, is that this could occur in any vertical plane relative to the conductor. 
Thus, some droplets will travel perpendicular to the conductor, some parallel, and others 
at any angle in between. This could be of some importance when power line easements are 
taken into account.
Clearly, these percentages need to be weighted by some means in order to account for the 
fact that each parameter used in the computation does not have the uniform probability 
distribution that figure 5.10 assumes. For instance, from Chapter 2, less then 1% o f ejected 
droplets are greater than 2 mm in diameter, while something like 50% o f ejected droplets 
fall in the interval 0.75 to 1.25 mm in diameter.
In order to weight the percentages, a probability distribution was assumed for each para­
meter. These distributions, with the exception o f droplet ejection angle, appear in 
figure 5.12 below.
The distribution for droplet ejection angle was assumed to be uniform, since laboratory 
observations indicated that droplets were ejected in all directions equally.
The distribution o f droplet size was taken directly from Chapter 2, and divided into discrete 
intervals.
Figure 1.2 indicated that the primary cause o f over 50% o f fires reported to have been 
started due to conductor clashing was wind. If wind is the cause o f any particular instance 
of conductor clashing, then it is likely that it is blowing at a certain minimum velocity. 
From table 5.2 this minimum velocity would appear to be at least 30 km/h, which corre­
sponds to a fresh breeze.
82
a>
CL
2 - 0•D
°  2>•E' a> 
's E
¿¿0.4
aj
JQ -D O
(U0.2
Droplet Diameter
0.25-0.75 0.75-1.25 1.25-1.75 >1.75
Droplet diameter, d (mm) Wind Velocity, u (km/h)
Wind Inclination to Horizontal
"O
1 SH0 6 *•
'  CL
°  C
£ \ ° 0 . 4  --
O  C 0 2k .  •—
CL
oO \0 A  .<> \0 \A qO oO
* V ° A«* A nOV° 7
Wind Inclination, a (deg)
8 0 5  
CD
>  0.4 
Co
t3 05
CD
3  o o
CL
Droplet Ejection Velocity
<2.5 25-7.5 7.5-12.5 12.5-17.5
Ejection Velocity, v (m/s)
> 17.5
Figure 5.12 Probability distributions o f the parameters: droplet diameter, initial vel­
ocity, wind speed and wind inclination to the horizontal.
With this in mind, the distribution arising for wind velocity, by considering data from the 
Climatic Averages Australia [13] in conjunction with wind rose data from the Climatic Atlas 
of Australia [25], was modified to give greater weight to wind velocities in the vicinity of 
30 km/h.
The distribution for the direction of the wind relative to the horizontal is totally arbitrary. 
It indicates that most of the time the surrounding terrain is relatively flat, while occasionally 
sharp changes in terrain may cause updrafts or downdrafts.
The final distribution is that of droplet ejection velocity. It assumes most droplets to be 
ejected at about 10 m/s, with smaller percentages ejected at speeds above and below this. 
The mean ejection velocity of 10 m/s is based on data from the SECV [2].
By using these distributions, the probability of a given set of parameters occurring sim­
ultaneously was calculated for each point on figure 5.10, using equation (5.3). Px i is the 
probability of the ith set of parameters that will cause a droplet to travel x m, occurring. 
This equation assumes that all of the parameters are independent, which may be invalid. 
For instance, droplet ejection velocity, v, may be dependent on droplet diameter, d.
Pxi(d,u,a,v,a) = p(d)p(u )p (a)p(y )p (a). (5.8)
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Since there is more than one set of parameters that will result in a droplet travelling a 
certain distance, x, the total probability of a droplet travelling a certain distance, Px, for all 
combinations of parameters used, is simply the sum of these individual probabilities, P^.
P„ = 2 P X,, (5.9)
Vi
Conversion of these probabilities to percentages, allows the data to be plotted in the same 
fashion as figure 5.10. This is done in figure 5.13 below, and for comparison the unweighted 
parameter data of figure 5.10 is included in the figure.
Horizontal distance from conductor clash, X (m)
Figure 5.13 Cumulative percentage o f droplets travelling further than a certain hori­
zontal distance from the conductor clashing site, taking into account 
weighting functions.
Clearly, the distance travelled from an overhead conductor is primarily influenced by wind. 
In order for large distances to be covered by these molten droplets, winds need to be of 
considerable strength, as well as being at optimum angles.
If droplet lifetimes and ignition potentials are taken into account, the distribution is 
modified once again, as is shown in figure 5.14. The ignition potentials are those that were 
computed for the oven dried barley grass and bluegum fuel beds in Chapter 4.
From figure 5.14, it can be seen that, on the basis of the assumptions made, two droplets 
in 100, ejected from a conductor clash, have the potential to ignite barley grass, and it is 
likely that they will do so no further than about 30 m from the conductor. For bluegum, 
this figure is one droplet per hundred.
The probability distribution for figure 5.14 (for barley grass) is shown in figure 5.15.
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Figure 5.14 Cumulative percentage of droplets travelling further than a certain hori­
zontal distance from the conductor clashing site, and having the potential 
to ignite barley grass.
Figure 5.15 Probability distribution of ignition potential for barley grass, as a function
of horizontal distance from the conductor clashing site.
It is important to note that, in the statistical analysis carried out here, the ignition prob­
abilities used for the barley grass and bluegum fuel beds are for fuel that was oven dried. 
Thus, the ignition probabilities represent a worst case ignition scenario.
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In order to account for the variations in fuel dryness, seasonal variations in temperature 
and humidity need to be computed and folded into the analysis. Additionally, information 
concerning the nature of the fuel bed beneath the conductors need to be taken into account. 
This will result in ignition probabilities that are substantially lower due to the fact that 
only certain times of the year produce optimum conditions of high temperature and dry air. 
The very worst of these times of the year can be regarded as equivalent to total fire ban 
days.
Work by Stillman [26], concerned with the risk evaluation of all types of power system 
induced bush fires, used probabilistic analysis to model the bush fire hazard in such a way 
that the parameters of temperature, humidity and time of year were taken into account. 
Although the physical parameters of fire ignition considered here were not taken into 
account, additional parameters such as supply interruptions, pole condemnation rates, and 
insurance liability loss factors were - in order to allow potential risk to be evaluated.
Using these additional parameters, taken from 1988 New South Wales data, Stillman 
calculated that the probability of a single instance of conductor clashing causing a bush 
fire was 1.05X10-4. This value is two orders of magnitude lower than the cumulative values 
of 0.02 & 0.01 (i.e. 2% & 1%) calculated here, and clearly indicates the effect this additional 
consideration is likely to have.
The conclusion of computational work carried out in this chapter is clear - two droplets in 
one hundred, ejected from clashing overhead conductors, are likely to ignite a fuel bed of 
barley grass beneath.
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Chapter 6
Discussion
6.1 Summary
In order to bring together the work carried out, a summary of the results of each Chapter
follows:
• Chapter 1. From records compiled for Victoria, the environmental conditions pre­
dominantly associated with conductor clashing are those of high temperature, low 
humidity and high winds. These conditions were found to most frequently occur in 
the months of January and February, during mid-afternoon.
• Chapter 2. The typical sizes and shapes of droplets ejected from simulated instances 
of conductor clashing were found. Also, an indication of the typical size distribution 
of droplets was found. This distribution indicated that less than 1% of droplets ejected 
were over 2 mm in diameter.
Examination of conductors after simulated clashing, indicated the typical damage 
that occurs to be significant, resulting in visible erosion of the conductor surface.
• Chapter 3. The lifetime and temperature history of aluminium droplets was suc­
cessfully investigated. The work showed that droplets reached temperatures in the 
vicinity of2200’C during oxidisation and that, for 3-5 mm droplets, lifetimes of up to 
30 seconds are feasible.
Additionally, this work confirmed the work of Mills [1] by validating the approach he 
took in assuming a high droplet temperature while modelling droplet trajectories and 
lifetimes. However, it indicated that droplet diameter did not change significantly, 
which was one of the features of Mills’ model. It was in disagreement with the work 
of the SECV [2], who found droplet temperatures to be somewhat lower, but confirmed 
their assumption that droplet diameter does not change significantly - at least for 
larger droplets.
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• Chapter 4. Investigation of droplet ignition potential showed that of aluminium 
droplets to be 0.2 J in the finer fuels of pine needles and barley grass and 1.2 J in the 
hardwood fuels of bluegum and blackbutt. Cotton lint was observed to present an 
extreme hazard, since there were no instances, during testing, in which it failed to 
ignite. The result of 0.2 J for barley grass is some twenty times lower than that 
observed for copper droplets by Stokes [7].
• Chapter 5. Determination of just how far a droplet could be expected to travel and 
ignite a fire, from a statistical viewpoint, showed that it two droplets in one hundred 
have the potential to ignite barley grass, and that it is likely that they will do so within 
30 m of the clash site.
6.2 Reducing the risk of fire ignition due to conductor clashing on 
the existing system
There are several alternate routes that may be pursued in order to lessen the potential for
fire ignition due to conductor clashing. One route concerns itself solely with modifications
to the system, while the other considers the immediate environment surrounding the
system.
• Retrofit of existing aluminium fines with copper conductor. There are quite obviously 
a number of serious economic considerations. Firstly, copper is more expensive than 
aluminium. Secondly, due to the extra weight, more substantial structures would 
need to be erected to support copper fines.
• Increase conductor spacing, such that conductor clashing is not physically possible. 
This would require the retrofit of crossarms. However, the resulting structures are 
likely to be rather more unsightly than existing ones. An alternative to this approach 
would be to increase the required conductor tensioning, between poles. While not so 
much a problem on the high-voltage system, often low-voltage conductors appear to 
be strung rather haphazardly between poles, rather than being tensioned up correctly.
• On the low-voltage system, increase the use of spreader rods such that there are 
several rods per span. These cannot be used on the high-voltage system, due to 
tracking problems, which result in flashovers, and so do not provide a solution for 
this area of the system.
• Development of an alloyed aluminium conductor for which ejected droplets have a 
reduced ignition potential that falls inside what are determined to be acceptable risk 
levels. This alloyed conductor would either eject low-temperature droplets, or 
alternatively very-high-temperature droplets that bum up immediately they are 
ejected. The development and production costs associated with such a conductor may 
be of such a level that retrofit with copper conductor is more economically viable in 
the long term.
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• Retrofit o f existing aluminium lines with aerial bundled conductor (ABC). This 
approach is likely to provide the best solution to the problem. Firstly, it removes the 
possibility o f conductor clashing completely, because each conductor has its own 
insulating sheath. Secondly, it reduces the amount o f hardware on the pole, and 
provides a more aesthetically pleasing means o f distributing electricity. It also is 
possible to carry out this retrofit on both the high and low-voltage distribution system.
• Replacement o f the overhead system with a totally underground system. Obviously, 
this approach too, negates the problem o f conductor clashing. This method o f dis­
tribution is unlikely to be applicable to a retrofit situation, due to the enormous costs 
which would be involved. In new rural developments, where the service can be 
provided at the same time as other services, such as gas and water, it becomes more 
feasible.
An important consideration concerning the immediate environment surrounding the sys­
tem is the siting o f hazardous areas with respect to the system. For instance, it is clearly 
not a good idea to have a petrol station sited across the road from LV overhead aluminium 
conductors.
6.3 Further Work
As part o f the overall program, further work is being carried out to characterise, more 
precisely, the dynamics o f droplets produced during real instances o f laboratory conductor 
clashing.
Additionally, post-clash conductor characterisation is being undertaken in order to provide 
visual evidence as to the nature of conductor damage for a range o f short-circuit currents, 
fault durations, and conductor clashing speeds.
An aspect still to be investigated is the compilation of anecdotal knowledge, concerning 
fires caused by the electrical system and elements of the electrical system that have (or 
had) the potential to cause fires, that people working in the field are known to have. An 
extensive compilation o f this information would prove invaluable in endeavouring to 
determine the cause o f fires in the future.
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Appendix A
Fire Report
The fire report filled in, in the event of a fire caused by the electrical system, is shown in 
figure A.1 below.
TELEPHONE*)
FIRE REPORT
COMPUTER REF Nor r  I i l  I
CALLER............................................... (PROVISIONAL ADVICE ONLY)
PHONE.........................................
i _ l
* SECTION 1
Reg Oist
J-J
Date/Time ot Fire
Oay Mtn vear Time
Ü . 1 1 1 -
Related Sit No
Fire Source Locality Propeny Owner! s) Involved
E r l  pole_________________
_.1_LLL W TI  I 1 T T  1 1 1
Street/Road
M M i i i r i i i i i i i i i i i
Town/Locality
1 1 1 1 1 1 1 1 1 1 1 1 II  1 I I  1 1
Feeder/Line/Spur •
m i m m i  n  . ................ ....
SECTION 2 B T i c I < _____________________________________  ‘ (Specify m Section 5)
Wllather at Time ot Fire Consequence of Fire •
Day ot 
Total 
lire ban
Istr.' Temperature Wind Air Moisture ln|ury Death 7 Material Damagef  I Hot Mild Cool Ì - ' Strong Mod Calm Dry Humid Fog Rain Significant Negligible
m
CFA Fire District
Central Eastern N East N West S West
Voltage Level Attributed to 
Alleged cause ot Fire ignition 
(See Section 3)
LV 6 6 / 1 1 12 7 
SWER
22 66 Other
Type ot Asset 
Involved
0 /H  Line SECV
Other
Private SECV Service
Pole
Material
Wood Steel Cone
Crossami
Material
Wood Steel Other
SECTION 3
Alleged Cause ot Fire ignition 
(Tick One Only)
Conductor Clashing (1)
Conductor Striking Ground (2)
Conductor Striking Obtect (3|
Conductor Struck By Obtect (A)
Circuit To Circuit Contact (51
Fuse Operation — EDO (61
Fuse Failure — Powder Filled (7)
Surge Diverter (81
Bird/Ammal (9)
Pole F ire T (10)
Crossarm Firet/Crossarm Cover Fire (11)
Earlhmg 0 2 )
Other (Specify in Section 5) (13)
Unknown (1AI
Conductor
Material
SC AAC ACSR CU
No ot Spreaders in Clashing 
Span Prior to Fire
0 1 2 “  m—3 Imore)
Factors Contributing to the Alleged Cause ot Fire ignition 
(Tick as many as apply)
SECTION 4 t  Pole Fire Repon Musi also be submitted
Wind (1)
"" W
■ Human Agency (15)
Lightning (2) §  >7 K-* Vehicle (16)
Tree Growth (3) K Wind Blown Debris (17)
Conductor Failure (4) È "w. LV Spreader Failure (18)
Conductor Joint Failure (5) ' Equipment Failure (19)
Conductor insulator Tie Failure 16) I Z System Fault (20)
insulator Failure-Mechanical (7) Transformer Fault ( 2 t )
Insulator Failure-Electrical (8) Switch Failure (22)
Insulator Pollution (9) Cable Termination Failure (23)
Pole Failure-Decay/Ants (10) :<• ' : (24)
Pole Failure-Other Reasons (11) (25)
Crossarm Failure-Decay/Ants (12) è ; / (26)
Crossarm Failure-Other Reasons (13) ' , Other (Specify in Section 5) (27)
Falling Tree/Branch/Bark (14) Unknown (28)
Action to ptevem re-occurence taken/proposed (Delete as applicable)
Figure A.1 Fire Report
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Appendix B
Properties of Aluminium
B.l Aluminium Composition
The composition of the aluminium materials used is shown in table B.l. The compositions 
are differentiated primarily by the inclusion of magnesium. While aluminium conductor 
is specified to be free of magnesium, both aluminium rod and welding wire have a mag­
nesium content of about 5%. Additionally, aluminium conductor is specified to contain a 
minimum of 99.5% aluminium.
Percentage 2
Elem ent Alum inium
Conductor
(AA1350)
Alum inium  
Rod (A A 5356)/ 
W elding W ire
A1 99.5 (min) 93.5
Si 0.1 0.25
Fe 0.4 0.4
Cu 0.05 0.1
Mn 0.01 0.05-0.2
Cr 0.01 0.05-0.2
Zi 0.05 0.1
Ti 0.05 0.6
Mg - 4.Ö-5.5
B 0.05 0.1
Ga 0.03 0.05
Table B.l Composition o f aluminium conductor and rod, after Boyer [27].
2 maximum content unless otherwise noted
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B.2 Properties
Table B.2 lists the properties of aluminium and aluminium oxide used in the various 
calculations carried out. Table B.3 lists the properties of air, and table B.4 lists constants.
Property of aluminium Value and units
Melting point 660'C
Boiling point 2467’C
Density, p 2689 kg.in3
Specific heat, Cp 1.179 kj.kg \K *, above 660°C
Emissivity, e 0.22-0.4, see section 3.4.3
Heat of formation, AHf 378 k j.k g1
oA120 3, melting point 2072°C
cxA120 3, boiling point 2980’C
<xA120 3, density 3900 kg.m*
(xA120 3, heat of formation, Qf 16,500 kJ.kg1
Table B.2 Properties of aluminium; values and units
Property of air Value and units
Thermal conductivity, k 2.56 10* kW.m '.K 1
Prandtl number, Pr 0.71
Density, pa 1.139 kg.m-3
Kinematic viscosity, v 1.65310* m is '1
Table B.3 Properties of air; values and units
Constants Value and units
Stefan-Boltzman constant, o 5.671011 kW .m lK'*
Table B.4 Constants; values and units
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Appendix C
Air Flow Calculation
In order to calculate the required airflow to support an aluminium droplet, it is first 
necessary to solve the one-dimensional equation of motion. This equation can be stated as;
dvm - r -mg CdApPg ;2 Vl
(C.l)
where Cd = droplet drag coefficient,
Ap = projected droplet area [m1 2], 
pa = air density [kg.m"3].
Solving equation (C.l) analytically gives velocity as a function of time:
v(/)=Vi
r  ^ v . i2m* l + ce *" 1
CjAppa1 1 -  ce J
Defining the variable k,
c a p -’
allows equation (C.2) to be rewritten as,
1 + ce **v(t) = Jc
1 -cc
where the constant, c, is determined by the initial velocity, v0,
v0- *c - v0 + k'
(C.2)
(C.3)
(C.4)
(C.5)
and the droplet drag coefficient, Cd, is defined in terms of the Reynolds number, R, which 
is a function of droplet velocity. The calculation of droplet drag coefficient is discussed in 
section 5.2.
Figure C.l shows velocity as a function of time, for a droplet of fixed diameter, ejected with 
differing initial velocities. The velocities are negative due to the fact that the droplet are 
falling toward the ground. Note also that as t - » v k.
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Figure C.l The effect o f gravity on the velocity o f a typical aluminium droplet, for a
1.5 mm droplet with various initial velocities.
Calculation of the terminal velocity, k, given in equation (C.3), for a variety of droplet 
diameters, d, allows the terminal velocity to plotted as a function of diameter, as is shown 
in figure C.2.
Figure C.2 Terminal velocity as a function o f droplet diameter.
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In order to support a droplet with a terminal velocity as shown in figure C.2, an air flow, 
in the opposite direction, of equivalent speed is required. This in turn requires a flow rate 
determined by the diameter of the air column. The air column used had an internal diameter 
of 14 mm, or alternatively a cross sectional area of 1.54-10“4 m2. To determine the flow rate 
it is simply a matter of multiplying the cross sectional area by the required velocity.
For example, to support a droplet with a terminal velocity of 10 m .s1, an air flow rate of 
10-1.54-10"4 = 1.54 l.s'1, is required. Flow rates for other diameter droplets can be calculated 
in the same fashion. They are plotted in figure 3.2.
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Appendix D
Aluminium Droplet Temperature Model
The SECV [2] model of droplet temperature history was developed using a heat balance 
approach, which is presented here for completeness. The heat balance on the droplet is 
given by equation (D.l);
ùr = Ù,-Ûr-Ù', (D.l)
where C)p = rate of heat gain by the droplet [W],
(.)g = rate of heat generated within the particle [W], 
C)r = rate of heat loss by radiation [W],
Ôc = rate of heat loss by convection [W],
The heat losses, due to radiation and convection, are relatively straightforward to compute. 
The rate of heat loss by radiation is given by equation (D.2);
Ô, = o&4,r;, (D.2)
where o  = Stefan-Boltzman constant [W.m^.K4], 
e = droplet emissivity,
A, = droplet surface area [m2],
Tt = droplet surface temperature [K].
The rate of heat loss by convection is given by equation (D.3);
&C=AJH{T,-Tg), (D.3)
where H  = heat transfer coefficient [W.m^.K1],
Tg = temperature of surrounding air [K].
Now, the heat transfer away from a sphere is given by equation (D.4);
N u =  ^7— =  2.0 +  0.6/?  1/2/\ 1/3,
(D.4)
where Nu = Nusselt number,
Pr -  air Prandtl number,
R -  droplet Reynolds number,
d = droplet diameter [ml,
k = droplet thermal conductivity [W.m-l.K-1].
The heat generated within the droplet is somewhat more complex, since it is dependent 
upon the mechanism of oxidisation of the aluminium. Because of the lack of understanding
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of the mechanism involved, and the difficulty in determining rate constants for the oxidi­
sation process, an empirical correlation was used in the model. Thus, the heat generated 
is given by equation (D.5);
a,exp(-7’m«/7’) (D.5)
where T,,^ = maximum droplet temperature [K],
T  = mean droplet temperature [K],
Mr = the mass o f aluminium oxide formed at time t,
Qf = the heat o f formation o f aluminium oxide [kJ.kg1], 
al fa2 = constants calculated for a particular droplet flight.
The mean temperature, T, can be considered equal to the particle surface temperature, T„, 
provided the Biot (the ratio o f heat transfer away from the droplet to the heat transfer 
within the droplet) number is less than 0.1. This is the case for both aluminium (= 0.002) 
and aluminium oxide (= 0.06). The rate o f mean temperature change within the droplet is 
then given by equation (D.6);
dT Qp (D.6)
dt ~ m C ;
where Cp = specific heat o f the droplet [kJ.kg^.K1],
m = droplet mass [kg].
The rate o f production o f aluminium oxide is given by equation (D.7);
dMr d g (D.7)
dt ~Q/
Equations (D.6) & (D.7), when coupled with the equations specifying the droplet trajectory 
(equations (5.6) & (5.7)), are able to be solved to provide combined temperature and 
trajectory information.
The constants, a^a^, were determined such that the droplet would reach a maximum 
temperature during flight comparable to that determined in Chapter 3 and have a specified 
content o f aluminium oxide upon impact with the ground.
An example o f solution to these equations, for a droplet that reaches a maximum tem­
perature o f just over 2200*C and has an aluminium oxide content o f about 25% by weight, 
is shown in figures D .l and D.2 below. This droplet was considered to have an initial 
temperature o f 1800’C.
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Figure D.l Example: droplet aluminium oxide profile for a droplet o f initial diameter,
1.5 mm, initial temperature, 1800 X!, maximum temperature, 220°C.
Figure D.2 Example: droplet temperature profile for the droplet o f figure D.l.
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